FTD  -HT-  c<-  i  <  -.  i  -fiH 


EDITED  TRANSLATION 


FORGINGS  FROM  SPECIAL  STEELS  (SELECTED  CHAPTERS)  , 

By;  I.  G.  Generson 
English  pages:  1.23 

Source:  Pokovkt  iz  Spetsial ’ nykh  Staley, 

Izd-vo  "Mashl nost royer.iye , "  Leningrad, 

1967,  Dp.  1-153. 

Translated  under:  Contract  No.  ir33657-68-D-0865/P002 


TMS  TRANSLATION  I)  A  RtNOiTtOW  OP  TNI  ORIOL 
NAL  PORRMN  TUT  WITHOUT  ANY  ANALYTICAL.  OR 
■MTORIAL  COMMNT.  ITATIMCNTS  OR  TNIORIIS 
AOVOCATIDORMPLIIOARITNOSIOPTHI  SOURCI 
ANOPO  NOT  NtCISSARILV  RIPLICT  TNI  POHTtON 
OR  OPINION  OP  TNI  PORI  ION  TICNMOLOOY  Bt- 
VI  HOW. 


I 


TABLE  CF  CONTENTS 


Chapter  1.  Characteristics  and  Properties  of  Certain  Hlgh-Hot- 
Strength  and  Corrosion-Resistant  Steels  Employed  for 

<  i  „  i  ■  «»<i..Lwge  Forgings  . .  rf».T. . . i  if.-. .  ?.*T . . .  .  ....  2 

Chapter  2.  Role  of  Metallurgical  Factors  in  Determining  ttie 

Properties  of  Forging .  11 

Chapter  3*  Thermomechanical  Characteristics  of  the  Forging  of 

High-Alloy  Steels . . .  2f> 

Chapter  .  Influence  of  Forming  Conditions  on  Special-Steel 

Defcrmabillty  and  Forging  Quality .  50 

Charter  5.  Heat  Treatment  of  Forgings . . .  71 

Chapter  6.  Investigation  and  Experience  in  Production  of 

Forgings  from  Perlite  Special  Steels .  90 


FT:  3-13  3A-».8 


UPC  f,21.73'j:6fiy.  15 


This  book  considers  problems  involved,  in  the  production  of 
apecial-ateel  forgings  used  in  power-plant  construction  and  other 
branches  of  industry ,  describes  the  technological  procedures  for 
forging  low-deformability  high-alloy  steals,  presents  and  analyses 
the  results  of  research  and  industrial  experience ,  presents  data 
characterizing  forging  quality  in  relation  to  fabrication  conditions , 
and  makes  practical  recommendations  regarding  the  selection  of  opti¬ 
mum  technological  processes . 

This  book  is  intended  for  engineering  and  technical  workers 
at  appropriate  plants s  as  well  as  at  scientific  research  and  tech- 
hpA  efival  plannirt^tnstitutee . 
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FOREWORD 


Of  the  diversity  of  special-steel  forgings  used  in  the  fabrica¬ 
tion  of  various  machine  and  equipment  components,  this  book  con¬ 
siders  principally  those  produced  from  high-hot-strength  and  cor¬ 
rosion-resistant  steels,  which  are  coming  into  wider  and  wider 
use  in  modern  technology  in  connection  with  the  development  of 
powerplants  and  chemical  machinery. 

In  many  cases,  the  specific  properties  and  technological  char¬ 
acteristics  of  these  steels  necessitate  special  smelting,  forging, 
and  heat- tre ptmpnt  pror^dj-Lrgs .  which  can  ir»w*«rge  measure  trc-rAt'e'n'd'g1 
to  certain  typical  forgings  produced  from  other  groups  of  special 
steels.  The  information  in  this  book  can  therefore  be  applied  to 
a  broad  range  of  forgings  from  alloy  and  high-alloy  steels  employed 
in  various  branches  of  industry. 

Special  attention  is  paid  to  analysis  of  metallurgical  factors 
adn  the  characteristics  of  hot  machining  and  heat  treatment,  which 
affect  the  quality,  mechanical  and  special  properties,  and  opera¬ 
tional  reliability  of  forgings. 

This  book  is  based  on  data  obtained  in  numerous  investigations 
conducted  at  the  Neva  Machine-Building  Plant  Imeni  V.I.  Lenin  [NPL] 
(H3JI)  when  production  of  la* ge  special-steel  forgings  was  begun  and 
on  many  years  of  Industrial  experience.  The  experience  of  other 
plants  is  also  taken  into  account. 

The  industrial-research  results,  the  critical  evaluation  of 
production  observations,  and  the  systemmatization  of  individual 
date  on  current  production  revealed  a  number  of  technological 
characteristics  and  patterns  that  can  be  successfully  utilized  in 
the  search  for  optimum  technological  solutions  and  in  bringing  new 
types  of  forgings  from  alloy  and  high-alloy  steels  into  production. 

The  success  of  much  of  the  experimental  work  that  forms  the 
basis  for  this  book  was  furthered  by  the  participation  of  metal¬ 
lurgists  at  the  NPL,  including  Engineers  V.N.  Tokarev,  P.M.  Libman, 
Ye.V.  Babayeva,  N.I.  Belan,  and  others,  to  whom  the  author  wishes 
to  express  his  gratitude. 
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Chapter  1 

CHARACTERISTICS  AND  PROPERTIES  OF  CERTAIN  H 1 GH-HOT-S , RENGTH  AND 
CORROSION-RESISTANT  STEELS  EMPLOYED  FOR  LARGE  FORGINGS 

Hlgh-hot-strength  and  corrosion-resistant  steels  differ  from 
ordinary  steels  in  their  special  properties,  which  are  produced  by 
a  complex  of  physicochemical  and  technological  factors.  Such  steels 
usually  have  a  high  content  of  alloying  elements  (chromium,  nickel, 
molybdenum,  tungsten,  vanadium,  etc.),  although  their  chemical  com¬ 
position  is  not  the  sole  factor  responsible  for  their  special  proper- 
•W^c^wTechnological  factors,  including  melting  and  casting  methods, 
thermomechanical  deformation  conditions,  and  heat-treatment  regimes, 
also  have  a  strong  Influence  on  the  properties  of  steel.  The  best 
results  with  respect  to  special  hot  strength  and  corrosion  resis¬ 
tance  are  yielded  by  a  favorable  combination  of  chemical  composi¬ 
tion  and  optimum  technological  conditions. 

The  most  important  requirements  imposed  on  the  properties  of 
high-hot- strength  steels  are  a  guarantee  against,  component  failure 
under  give-  operating  conditions  and  of  minimum  deformation  over  the 
entire  service  period  (within  the  limits  established  for  a  given 
machine  design).  These  requirements  are  evaluated  from  the  main 
criteria  of  hot  strength:  yield  strength  and  long-term  ultimate 
strength.  Other  important  indices  of  steel  durability  are  also  taken 
into  account,  particularly  long-term  plasticity  and  notch  sensitivity. 
The  plasticity  margin  governs  the  working  deformation  during  compon¬ 
ent  service.  This  criterion  is  therefore  one  of  the  main  factors 
evaluated  In  selecting  a  metal.  The  tendency  of  a  steel  toward  pre¬ 
mature  failure  under  the  action  of  notches  (stress  concentrators) 
is  directly  related  to  its  deformability  under  creep.  Research  has 
shown  that  most  turbine-component  failures  are  due  to  the  presence 
of  stress  concentrators  whose  action  has  been  intensified  by  low 
steel  plasticity  [1], 

The  physical  constants  of  a  steel  (coefficient  of  linear  expan¬ 
sion  a  and  coefficient  of  thermal  conductivity  A)  are  also  of  great 
Importance  from  the  standpoint  of  hlgh-temperature  structural  appli¬ 
cations  and  technological  applications. 

The  temperature  stresses  in  components  are  directly  related  to 
the  coefficient  of  linear  expansion,  increasing  with  the  value  of 
a.  Designers  sometimes  give  preference  to  a  metal  with  a  lower  coef¬ 
ficient  of  linear  expansion,  even  when  it  has  a  somewhat  lower  hot 
strength.  Austenite  steels  have  the  highest  coefficients  of  linear 
expand-  n. 
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Tiic  our  ff !  c  i  cut.  of  thermal  conduct  1  v!  t  y  d' frets.  pi*  i  no  ipa  I  L.v 
tin-  temperature  field  of  a  component,  ami  hem”.'  tnr  strength  and 
onerat,  Lmr  behavior  of  the  assembly  of  wnlch  it  is.  a  part .  A  de¬ 
crease  ir.  till.',  coefficient  causer,  an  Increase  In  the  temperature 
gradient  and  thermal  stresses.  This  Important  fa -tor  Is  always,  taken 
Into  account  In  evaluating  whether  or  not  r.  slm-i  of  a  given  r.truc- 
tiral  class  should  be  selected  for  a  component  'ntendml  to  operate 
at  high  temperatures. 

The  technological  significance  of  a  low  coefficient  of  thermal 
conductivity  lies  in  the  fact  that  metals  with  such  conductivities 
require  prolonged  preforging  heating  and  heat  treatment  in  order  to 
avoid  large  thermal  stresses  and  development  of  cracks.  Low  thermal 
conductivity  also  causes  stress  concentration  during  loci  heating, 
which  leads  to  warping  of  the  component.  The  thermal  conuuctivity 
of  steel  is  strongly  affected  by  the  extent  to  which  it  is  alloyed: 
carbon  steels,  have  the  highest  thermal  conductivity,  while  high- 
alloy  austenite  s.  tee  Is  have  the  lowest.  The  difference  in  the  thermal 
conductivities  of  steels  of  different  classes  is  greatest  at  normal 
temperatures . 

Pcwerp lants  (steam  and  gas  turbines),  whose  critical  components 
operate  under  the  action,  of  high  temperatures,  substantial  stresses, 
and  corrosive  media,  give  rise  to  a  number  of  problems  relating  to 
the  search  for  and  selection  of  steels  with  the  requisite  combina¬ 
tion  of  not  strength  and  appropriate  physical  properties,  as  well  as 
satisfactory  resistance  to  chemical  agents  at  elevated  temperatures. 

Complex  problems  also  arise  in  selecting  chemically  stable 
steels  intended  to  operate  in  aggressive  media  at  ordinary  tempera¬ 
tures,  e . i ; .  ,  In  compressors  intended  to  compress  and  deliver  various 
gases.  De.,p!te  the  absence  of  creep,  i.e. ,  irreversible  residual' 
deformation,  such  ap,  Meatier,.',  often  require  high-alloy  special 
steels  combining  good  corrosion  resistance  with  high  structural 
strength.  The  latter  requirement  is  especially  important  in  connec¬ 
tion  with  the  continuous  rise  in  the  working  parameters  of  machines 
using  corrosion-resistant  steels.  As  requirements  for  hot  strength 
and  anticorrosion  properties  are  raised,  the  chemical  composition  of 
steels  usually  becomes  more  complex  and  their  workability  in  all 
stages  of  metallurgical  production  becomes  poorer. 

Table  1  shows  the  chemical  composition  of  some  of  the  corro¬ 
sion-resistant  steels  of  the  perlite,  martensite,  and  austenite 
classes  most  widely  employed  in  construct; ior.  of  powerplants ;  these 
steels  are  briefly  described  below. 

1.  STEELS  OF  THE  PERLITE  CLASS 

Tin-  advantages  of  high-hot-strength  perlite  steels  include  a 
low  al  loy  i  ng-elem**"’-  content,  good  thermal  conductivity ,  a  low 
coefficient  of  linear  expu.v i on ,  good  workability,  and  relatively 
low  forging  cost  . 


The  common  alloying  feature  o:  th’s  croup  of  steels  Is  the 
fa .  t  that  *.  hey  contain  1-5?  chromium,  O.L-'.O  molybdenum  ( t  ho 
principal  sol  Id-sol ut Ion  hardening  eh  men?),  and  vanadium  (as  f  ho 


carbide-forming  element).  Some  types  of  steels  contain  additional 
components  (e.g.,  tungsten)  that  have  a  favorable  influence  on  the 
mechanical  strength  of  the  metal  at  elevated  temperatures. 

The  perliet  steel  with  the  highest  hot  strength  is  3M^15,  which 
is  widely  used  in  turbine  building  for  fabricating  wheels,  rotors, 
anu  other  components.  In  terms  of  hot  strength,  this  steel  is  in¬ 
tended  for  operation  at  temperatures  of  up  to  550°C  for  prolonged 
periods  (10G,000  h)  and  at  550-580°C  for  short  periods.  Type  3H415 
steel  has  a  high  capacity  for  thermal  improvement  and  good  temper- 
abi lity . 

When  u^ed  in  forged  wheels  with  hubs  300  mm  high  and  no  central 
hole,  3m415  steel  is  characterized  by  the  following  mechanical  pro¬ 
perties  (in  tangential  specimens):  yield  strength  a 0.2  *  7u- 78  kgf/ 
/mm2,  ultimate  strength  o,  80 --86krf /•"•■*,  relative  elongation  6  « 

*  l6-l8?,  relative  reduction  in  cross-sectional  area  41  *  50—60% , 
and  impact  strength  8  HMcg-m'cm*.  Research  has  shown  that  such 
wheels  can  be  treated  to  give  them  higher  strength  while  retaining 
complete  satisfactory  plasticity  indices. 

A  great  deal  of  experience  in  the  production  of  forged  wheels 
and  other  components  of  various  sizes  and  shapes  from  3n5l5  steel 
at  the  Neva  Machine-Building  Plant  imeni  V.I.  Lenin  (NPL)  ha3  con¬ 
firmed  that  it  is  technologically  suitable  for  not  working  and  prov¬ 
ides  reliable  mechanical  properties. 

High  mechanical  properties  and  good  homogeneity  of  properties 
over  the  forging  cross-section  have  also  been  noted  in  a  large  ro¬ 
tor  with  a  body  diameter  of  about  900  mm  [1].  At  o„4  60  -  G5kgt7mm,.™i 

o,  -70  78kgf/nmi*  ,  the  plasticity  indices  were  6  !6  17%,  if  -=  SO  60%. 

a.  -  10— 12  kgf  .in?  a..*  The  difference  In  the  yield  strengths  at  the  peri 

phery  of  the  body  and  in  the  region  close  to  the  central  hole  (100- 
12G  mm  In  diameter)  was  about  5<. 

When  subjected  to  long-term  tensile  loading,  3M415  steel 
treated  to  o0,j  >_  6 5  kgf/mm2  has  high  plasticity.  Steel  intended 
for  components  to  serve  for  100,000  h  can  be  deformed  by  IX.  As 
a  result  of  its  lower  plasticity,  the  permissible  deformation  of 
steel  treated  to  o0l2  >75  kgf/mm2  is  limited  to  0.5S. 

In  view  of  its  combination  of  hot  strength  and  stability  of 
properties,  F2  rotor  steel,  which  was  developed  by  the  laboratory 
of  te  Leningrad  Metals  Plant  [LMP](71M3),  can  be  used  for  turbine 
components  intended  to  operate  it  temperatures  of  up  to  535°C. 

The  principal  advantages  of  this  steel  is  that  it  has  no  tendency 
toward  thermal  embrittlement  and  ias  satisfactory  plasticity  at 
elevated  temperatures. 

Heat-treated  P2  3teel  is  characterized  by  high  mechanical 
properties  at  20°C.  A  series  of  f.  wheels  with  hubs  100  mm  high 
exhibited  the  following  mechanical  properties ;  0,.,  80,3  88.0k.-r/rK.*.  a. 

89.8  97.0 kgf mnf ;  6  «  15,2  17.6%;  y  --  46.7  70.0%;  6.0  "l3.fr. 


Ir.  accordance  with  the  recommendations  made  by  the  LMP  latora- 


tot'.v  )  large  rot.  or  forgl  nr.:-  fab r l on tod  I'rMin  P.  " 

not  to  refining  but  to  single  or  doub  lo  n  orma  i  i  zat  i  on  IV. 
high  Umpcr  I  ng.  dot  o'*  f>  ■  i'  '  I  nr.-  in  t.  h  I  r>  .'tot.,.-  have  tr:--> 
median  i  cal  prop,'!  1, 1  ■  -  *»n  g  <n  70  75  '• 

<j  10  00",,.  (l„  !  !o  When  out,  a  rot  or  more;  than 

In  diameter  wa  •  found  to  have  high  uniformity  of  proper! 
out  the  forging  volume.  The  yield  strength  o^.j  hold.-  so 
t|l-iJ5  kgf/mm2  over  the  temperature  range  *t50-55n°C. 
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The  satisfactory  plasticity  of  92  steel  when  subjected  to 
long-term  tensile  testing  at  bO0-550°C  permits  a  deformation  of 

1%. 


Type  P2M  rotor  steel  with  an  elevated  molybdenum  content 
(up  to  0. 8-1.0$)  has  a  higher  hot  strength.  According  to  the  data 
of  the  LMP,  the  increase  in  molybdenum  content  has  a  favorable  ef¬ 
fect  on  mechanical  properties  at  room  temperature  and  ensures  satis 
factory  deformability  under1  long-term  tensile  loading.  Type  POM 
m  steel  is  used  for  large  rotors  with  st  -am  parameters  of  up  to  cj80°(.’ 
and  2^0  atm  (abs) . 

Type  15X1M10  steel  is  emp loved  for  forged  flanges,  pipes, 
T-Joints,  and  other  steam-turbine  fittings  intended  to  operate  at 
temperatures  of  up  to  56r.°C .  After  normalization  and  high  temper¬ 
ing,  forged  flanges  of  the  wheel  type  with  a  height  of  170  trim 
have  the  following  mechanical  properties  (tangential  specimens): 
o0i,  -  33  36f., a,  52  5' A  _•<,  Ul".,.  1|  -75  78V  u.  '8  W<:, ■<>./.■  *. 
Increasing  the  forging  height  to  3^0  mm  causes  the  yield  strength 
o0.2  to  decrease  to  3 0 - ? h  kgf/mm2. 

Thorough  investigations  of  experimental  forgings  from  15XlMi<t> 
steel,  involving  mechanical  tests  of  different  zones  conducted 
at  the  LMP  laboratory,  showed  their  properties  to  be  sufficiently 
uniform  over  their  cross-section. 

According  to  the  data  of  the  LMP,  the  mechanical  properties 
of  qo,  ,od  and  tempered  forgings  have  the  following  values: 

0,,.;  Id  ,,  *,7  I..”---. ■- 1‘  :’•»  13  V  ♦  »•*>  7i>"  .  <.  7  15  * 

This  group  of  high-hot-strength  perlite  steels  nas  a  very 
favorable  combination  of  technological  properties,  which  permits 
fabrication  of  high-quality  forgings  without  material  metallurgi¬ 
cal  difficulties. 

2.  HIGH-CHROMIUM  STAINLESS  AND  HIGH -HOT-STRENGTH  STEELS  OF  THE 
MARTENSITE  CLASS 

Chromium  martensite  steels  have  high  corrosion  resistance  and 
hot  strength  combined  with  gocd  mechanical  properties,  which  has 
resulted  in  their  finding  broad  industrial  application.  Large  forg¬ 
ings  from  these  steels  are  used  in  chemical  machine  building  and 
In  other  production  areas  involving  exposure  to  corros ' ve  media. 

In  turbine  building,  stainless,  chromium  steels  are  employed  prin¬ 
cipally  for  blades  Intended  to  operate  at  temperature*  of  up  to 
*iS0-500ov’  and  seal.ng  bushes .  Additional  alloyin'  of  chmni nr  •■nr- 
tenslte  steals  permits  tMem  »e  ;  <•  used  as.  hi  rh-bot  -.*t  r-.-ngt  h  «-at.er- 
ials,  replacing  austenite  a?  e«*  Is  . 


Type  2X13  chromium  s+aei  has  relatively  high  strength  and  good 
plasticity.  Forged  shafts  150  mm  in  diameter,  subjected  to  normal¬ 
ization  and  tempering,  have  the  following  mechanical  propeitl.es: 

rxt  SSicgf/inm*.  ot  -  68- -70kgf /ma*.  6  21  25%,  $  —  60  "...  a„ 

*•  8—  WkKt'-m/ca?.  When  tested  in  the  quenched  and  tempered  state, 
forged  wheels  have  higher  strength  indices:  o„fK  60- 65;vgr/mma.i»uT4  = 

■  80-  85  kg# mm*  w«h  6  ---  14  - 18“6 ,  ij.'  57- -05%  =nd  aH  --  5  -7  kgftii/em5.  In  a  forged 
rotor  with  a  body  diameter  of  720  mm  subjected  to  the  same  heat 
treatment,  o0*nio,  are  reduced  to  42-45  and  61-63  kgf/mma  respectively 
with  6  --  22  -28%, if  ~  45— 55%«w<i„  **  o  !0kgf>m/cm*j  the  mechanical  properties 
remain  very  uniform  over  the  forging  cross-section. 

Technologically  the  most  complex  of  the  martensite  steels  is 
1X17H2  (3M268).  Its  principal  advantage  over  other  stainless  steels 
is  its  combination  of  high  mechanical  properties  (a  yield  strength 
of  up  to  60-75  kgf/mm2)  with  extremely  good  corrosion  resistance  in 
aggressive  media.  In  view  of  its  chemical  and  mechanical  properties, 
this  steel  is  regarded  as  the  most  suitaole  for  shafts  and  wheels 
for  nitrouo-gas  compressors  and  certain  other  machines. 

High-hot-strength  steals  based  on  11-14)5  chromium  and  subjected 
to  additional  alloying  with  tungsten,  molybdenum,  vanadium,  and 
certain  other  hardening  elements  have  come  into  wide  industrial  use 
in  recent  years,  Especially  in  powerplant  construction.  The  effec¬ 
tiveness  of  such  alloying  lies  in  the  fact  that  it  hardens  and  in¬ 
creases  the  hot  strength  of  chromium  stainless  steels,  bringing 
the  operating-temperature  limit  up  to  56o-600°C. 

While  having  high  mechanical  properties  at  normal  temperatures 
and  a  hot  strength  intermediate  between  those  of  perlite  and  austen¬ 
ite  steels,  hardened  high-chromium  steels  are  also  distinguished  by 
a  number  of  other  characteristics  (scale  resistance  equivalent  to 
that  of  austenite  steels,  high  thermal  conductivity,  and  a  low 
coefficient  of  linear  expansion),  whose  practical  utilization  in 
powerplant  construction  Is  very  important.  These  properties  result 
in  smaller  thermal  stresses  and  permit  natod  components  of  high- 
chromium  martensite  and  perlite  steels  to^e  used  in  machine  as¬ 
semblies  . 

Economically,  chromium  steels  differ  from  austenite  steels  in 
their  greater  technological  workability  and  relative  cheapness. 

They  are  therefore  being  more  and  more  widely  used  in  modern  power- 
plant  construction  for  fabricating  rotors,  wheels,  and  other  compon¬ 
ents  Intended  to  operate  at  temperatures  of  up  to  580-600°C.  Large 
turbine  forgings  from  stainless  steels  are  being  produced  by  the 
Bochuraer  Rhein  plant  (FRO)  and  ocner  foreign  firms  [2],  In  the 
Soviet  Union,  a  number  of  high-hot-strength  high-chromium  steels 
have  been  developed  by  the  Central  Steam  Turbine  Institute,  the 
Central  Scientific  Research  Institute  of  Technology  and  Machine 
Building,  the  Leningrad  Metals  Plant,  and  other  organizations. 
Specifically,  IX12BHM*  Om802),  1X12B2M*  OM75o),  and  15X11M*6 
steels  have  been  developed,  investigated  with  large  forgings,  and 
used  industrially  for  fabricating  steam-  and  gas-turbine  components. 

Large  forged  wheels  and  rotors  of  1X12BHM$  steel  are  charac¬ 
terized  by  the  following  mechanical  properties:  Wi  70  -1, 

a,  80  8?k*?f ’ »»*,  6  -  14  17%.  *  -  30  40%.  a,  5  7.<r«‘-m/ >•! .* 


Type  15X11M4>5  steel,  which  was  developed  by  the  LMP  laboratory, 
Is  intended  principally  for  fabrication  of  cast  blanks  but  is  also 
used  for  certain  steam-turbine  fittings  (T-joints,  pipes,  etc.)  tc 
operate  at  temperatures  of  up  to  58o°C.  Such  forged  components  weigh 
up  to  3-5  t.  Tests  conducted  with  forgings  having  diameters  of  300- 
350  mm  after  normalization  and  tempering  showed  them  to  have  the 
following  mechanical  properties  (tangential  specimens):  55  <;5 

kgf/mms,  o,  75  N’kgf/mnr.  ft  is  50  •  ,L  ij  8k<p‘.m 

A  general  characteristic  of  high-hot-strength  high-chromium 
steels  is  their  high  sensitivity  to  various  deviations  In  the  me¬ 
tallurgical  process  cycle. 

3.  STEELS  OF  THE  AUSTENITE  CLASS 

Chromium-nickel  steels  of  the  18-9  type,  with  titanium,  niobium, 
and  molybdenum  added,  are  most  widely  used  as  corrosion-resistant 
austenite  steels.  The  development  of  power  engineering  and  the  con¬ 
tinuous  increase  in  machine  working  parameters  has  necessitated  the 
creation  of  many  high-hot-strength  austenite  steels  with  varied  and 
complex  chemical  compositions  [ 3 3 »  which  are  employed  for  high- 
temperature  operation. 

A  common  high-hot-strength  stainless  steel  with  good  stability 
in  corrosive  media  is  X18H9T.  One  can  get  some  idea  of  the  mechani¬ 
cal  properties  of  this  steel  at  normal  temperatures  from  the  follow¬ 
ing  data,  which  were  obtained  ir.  tests  on  forgings  of  the  wheel  type 
after  austenization  and  tempering  (tangential  specimens):  o„, =-  30  34 
kgf/mm*.  a,  53  -60k)Tf/.nun,t  6  47  ~50H,  V  65  70*»,  a„  -  16  -20kgf n/ci Forgings 

of  the  same  type  of  steel  containing  no  titanium  (X18H9)  usually 
have  a  lower  yield  strength  (co.^  »  24-28  kgf/mm2)  with  6  and  ip 
falling  in  the  range  50-60?. 

The  corrosion  resistance  of  a  steel  depends  largely  on  its 
composition  and  structural  state,  which  is  governed  by  the  heat- 
treatment  regime.  The  lower  the  carbon  content  of  a  steel,  the  high¬ 
er  is  its  corrosion  resistance,  Titanium  also  has  an  effective  ac¬ 
tion,  the  resistance  of  a  steel  to  intercrystalline  corrosion  de¬ 
pending  on  the  quantitative  ratio  of  the  titanium  to  the  carbon. 
Technical  specifications  therefore  relate  the  minimum  permissible 
titanium  content  to  the  carbon  content.  The  carbon-titanium  ratio 
shown  in  Table  1  does  not  conform  to  GOST  5632-51,  since  produc¬ 
tion  experience  with  critical  forging3  from  X18H9T  steel  has  shown 
that  the  minimum  titanium  content  stipulated  by  this  GOST,  equal 
to  (GJt  ->0.03)  -  5,  is  Insufficient  to  impart  effective  corrosion  re¬ 
sistance  to  large  forgings  (e.g.,  compressor  wheels)  subjected  to 
heat  treatment  in  the  form  of  austenization  and  subsequent  temper¬ 
ing.  Colombier  and  Hochman  [4]  recommend  that  the  ratio  of  Ti  to  C 
be  raised  to  6. 

However,  X18H9T  steel  does  not  have  the  necessary  corrosion 
resistance  in  a  number  of  chemically  active  media.  A  chromium- 
molybdenum-nickel  steel  of  the  16— 5 3—3  type  with  titanium  added 
or  X1PH12M2T  steel,  which  exhibit  a  smaller  tendency  toward  inter- 
o.ystalline  corrosion,  are  sometimes  employed  in  such  cases.  The 
mechanical  properties  of  steel  are  similar  to  those  of 

X18H9T  steel. 
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Type  X18H22B2T2  steel  is  dispersion-hardening  and  is  distin¬ 
guished  by  good  mechanical  properties.  After  austenization  and 
aging,  large  forgings  of  this  steel  (from  initial  ingot  weighing 
up  to  11  t)  have  the  following  mechanical  properties:  <*„,  -=  40  55  ^  i  /.run1, 
a,  -  80  -90  kfif/rnrf,  6  -  25-  35%,  i|:  -  35  -50*4,  fl„  **  !0  -  ISkgfm/wr*. 

Type  3M*I05  steel  can  undergo  slow,  prolonged  aging  and  is 
characterized  by  the  following  mechanical  properties  in  forged 
Wheels  :  o«t  —  34-38  kgi’/mm'.o,  *  58  -60kgf/mml,  6  —  40  50%,  $  ~  45  -65%,  fl,  -  10- - 
— 12kgftn/cnr.  This  steel  is  highly  resistant  to  corrosion  and 
scale  formation  at  temperatures  of  up  to  750°C,  but  it  has  a  ten¬ 
dency  toward  embrittlement  as  a  result  of  precipitation  of  a  o-phase, 
which  limits  its  application  in  components  intended  for  prolonged 
service  at  temperatures  of  up  to  600°C  [1]. 

Like  3M^05  steel,  3H395  steel  can  undergo  long-term  aging 
and  is  dispersion-hardening.  The  mechanical  properties  of  this 
steel  at  20°C  are  distinguished  by  high  strength  indices:  o0t— to  50 
kfif/mm*,  0,~  to  88kgf,W  withft  *  23%«od^  =  37%.  Its  mechanical  proper¬ 
ties  are  also  high  at  elevated  temperatures;  for  example,  the  yield 
strength  0 0.2  ■  30-32  kgf/mm*  at  650°.  The  stability  of  properties 
during  prolonged  holding  characteristic  of  this  steel  permits  it  to 
be  used  with  confidence  in  components  intended  to  operate  at  tempera¬ 
tures  of  up  to  650°C  [1].  However,  it  is  very  difficult  to  forge. 
There  are  great  obstacles  to  production  of  large  forgings  from  this 
steel . 


The  most  economical  austenite  steel  is  3M572,  whose  hot 
strength  exceeds  that  of  many  other  steels  with  a  similar  degree  of 
alloying.  This  steel  is  also  dispersion-hardening,  with  hardening 
achieved  by  austenization  and  subsequent  aging.  The  following  typi¬ 
cal  mechanical  properties  have  been  found  in  tests  on  commercial 
wheels  :  oM  «  35  40kgf,  rnm,f  a,  -  65  WvX!m\  -=  20  -30%,  5  8kMl  !n/cm*. 


The  average  yield  strength  a#.z  of  3M572  steel  is  20-26  kgf/mm2 
600°C  and  16-20  kgf/mm2  at  650°C.  The  relative  elongation  5,  the 
reduction  in  cros3-sectional  area  4>,  and  particularly  the  impact 
strength  decrease  abruptly  when  the  steel  is  held  at  650-700°C, 

which  is  due  to  its  structural  instability:  it  has  a  tendency  to¬ 
ward  embrittlement  resulting  from  formation  of  a  o-phase. 

Type  3H572  steel  has  high  long-term  plasticity  at  temperatures 
of  up  to  600-650°C  and,  in  view  of  its  hot  strength,  is  usually 
employed  for  components  intended  for  prolonged  service  at  such 
temperatures.  It  is  unsuitable  for  use  at  higher  temperatures, 
becoming  brittle. 

Type  3M726  t .iromlum-nickel-tungsten-nioblum  steel  with  boron 
added,  which  was  developed  by  the  Central  Scientific  Research  In¬ 
stitute  of  Ferrous  Metallurgy,  is  an  austenite  steel  with  relative¬ 
ly  high  hot  strength.  It  has  good  plastic  properties  during  long- 
tern  tensile  testing  and  high  stability  of  structure  and  properties 
during  prolonged  heating;  howt  er,  it  has  a  comparatively  low  yield 
strength  at  normal  and  elevated  temperatures. 
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In  large  forged  wheels  fabricated  from  Ingots  weighing  4  t,  the 
yield  strength  a0. 2  in  the  tangential  direction  at  20°C  is  2^-28 
kgf/mm2  and  the  ultimate  strength  ab  *  50-57  kgf/mm2. 

The  chromium-nickel-tungsten-titantum  steel  3H612,  which  was 
developed  by  the  Central  Scientific  Research,  Planning,  and  Design 
Steam  Turbine  Institute,  has  a  hot  strength  exceeding  that  of  many 
other  austenite  steels.  This  stee.l  has  good  mechanical  properties  ft 
20°C:  oUJ  —  40— &5kgf/mmFt  c,  =  75--90kgf/mnf,  6  =  20-  28?«,  ^  *-  25-45%,  a„  - 
■  6—IOkgf«#i/cnP.  The  yield  strength  ae.2  is  no  less  than  ^10  kgf/mm* 
at  600-700°C. 

The  principal  advantages  of  this  steel  are  its  long-term 
plasticity,  which  makes  it  insensitive  to  stress  concentrators, 
and  the  fact  that  it  has  no  tendency  toward  intercryotalline  cor¬ 
rosion.  Type  3M6i2  steel  is  recommended  for  wheels  Intended  for 
prolonged  service  at  temperatures  of  up  to  650°C. 

An  improved  version  of  3H612  steel  is  3H612K,  whose  cherni?! 
composition  differs  in  additional  alloying  with  cobalt  and 

boron.  The  mechanical  properties  of  this  steel  are  characterized 
by  high  strength  indices  and  satisfactory  plasticity :  <%.,  =  5(,  (jOUgf/mir*, 
0,  =  90- •95kgf/mm,l  6  =  25-  27%,  =-  ?0-35%,  o„  -  7-9kgfW«-rJ. 

Type  3M612K  steel  has  high  plasticity  during  prolonged  tensile 
testing  at  700°C  and  can  withstand  prolonged  service  at  working 
temperatures  of  up  to  650-700°C.  However,  fabrication  of  large  forg¬ 
ings  from  this  steel  is  a  complex  process. 
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Chapter  2 

ROLE  OF  METALLURGICAL  FACTORS  IN  DETERMINING  THE  PROPERTIES  OF 
FORGING 

The  metal  in  special-steel  forgings  should  be  compact  and 
physically  homogeneous,  with  a  minimum  content  of  gases  and  non- 
metallic  inclusions.  The  higher  the  purity  of  the  metal,  the  bet¬ 
ter  are  its  physical,  mechanical,  and  technological  properties. 

Defects  in  the  metal,  in  the  form  of  cracks,  flakes,  and 
pores,  reduce  its  properties,  since  they  are  strong  stress  concen¬ 
trators  and  serve  as  foci  of  component  failure.  A  high  gas  content 
in  steel  reduces  its  plastic  properties  and  often  causes  flakes  to 
develop.  Nonmetalllc  inclusions,  which  are  inevitably  present  in 
any  steel,  reduce  its  structural  strength  and  serves  as  foci  of 
corrosion  and  fatigue  failure. 

Many  failures  in  attempts  to  fabricate  large  forgings  from 
high-alloy  steels  are  due  to  internal  defects  in  the  ingot.  Proper 
selection  of  the  basic  parameters  and  casting  conditions  for  the 
ingot  I3  therefore  a  factor  no  less  important  than  smelting  of 
high-quality  steel. 

Most  special  steels  have  low  plastic  properties  at  forging 
temperatures  and  are  difficult-to-deform.  A  number  of  smelting  and 
casting  defects,  such  as  contamination  with  interstitial  impurities 
(lead,  antimony,  and  arsenic)  and  poor  deoxidation,  reduce  the 
workability  of  steel  and  sometimes  cause  it  to  completely  lose  its 
hot  deformability .  The  presence  of  flakes,  large  scales,  or  slag 
inclusions  at  the  ingot  surface  also  greatly  reduces  the  deform¬ 
ability  of  steel  when  ingots  are  forged  without  preliminary  clean¬ 
ing. 

Forging  of  steel  under  fa.orable  thermomechanical  conditions 
with  optimum  stress  patterns  sometimes  correct  metallurgical  de¬ 
fects  in  the  ingot  or  at  least  minimizes  their  detrimental  effect 
on  the  quality  of  the  finished  forging. 

For  example,  it  has  been  established  that  shrink  holes  and 
pores  in  ingots  of  many  perlite  and  austenite  steels  are  well 
filled  under  definite  forging  conditions  and  leave  no  detrimental 
traces  In  the  macrostructure  of  the  forged  component,  while  prelim¬ 
inary  cleaning  of  the  ingot  almost  totally  eliminates  the  detrimen¬ 
tal  effect  of  surface  defects.  However,  deformation  play3  a  very 
limited  role  in  correcting  metallurgical  defects.  First  of  all. 
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a  number  of  steels  are  difficult  to  weld  up  (these  Include  such 
high-chromium  complex-alloyed  martensite  steels  as  3M802,  15XllM<t>5, 
etc.).  This  process  takes  place  satisfactorily  only  when  the  steel 
is  of  high  purity.  Secondly,  not  all  forgings  (particularly  those 
that  are  large  or  have  complex  configurations)  permit  the  requisite 
technological  measures  to  be  taken  for  effective  welding-up  of  in¬ 
ternal  pores. 

As  for  mechanical  removal  of  certain  superficial  metallurgical 
defects,  this  process  is  expensive,  laborious,  and  not  always  tech¬ 
nologically  feasible. 

The  examples  given  show  that  it  is  unreliable  and  often  impos¬ 
sible  T IT  eo^h&'et'  m'etTailurgl'dar  defect'd  bV  Sny*m‘ecfiiani*c?ir  method 
although  special  solutions  can  theoretically  be  very  effective. 

We  must  therefore  again  emphasize  that  the  basis  of  high 
forging  quality  lies  in  the  initial  ingot,  i.e.,  the  latter  should 
have  a  compact  and  homogeneous  structure,  minimum  gas  saturation, 
and  minimum  contamination  with  detrimental  impurities  and  nonmetal- 
lic  inclusions. 

4.  SMELTING  AND  CASTING  OF  STEELS  USED  FOR  CRITICAL  FORGINGS 

Smelting  of  steel.  Analysis  of  the  characteristics  of  various 
steel-smelting  processes  and  many  years  of  experience  in  the  produc¬ 
tion  of  large  forgings  convincingly  shows  that  use  of  an  open-hearth 
furnace  with  a  basic  bottom  for  smelting  steels  intended  for  fabrica¬ 
tion  of  critical  forgings  is  impermissible,  since  the  steel  smelted 
in  such  a  furnace  does  not  provide  the  high  metal  quality  stipulated 
by  technical  requirements.  Metallurgical  defects,  in  the  form  of 
flakes,  a  high  nonmetallic-lnclusion  content,  and  reduced  plasticity 
in  transverse  and  tangential  specimens ,  are  usually  present  in  most 
large  critical  forgings  fabricated  from  basic-open-hearth  alloy 
steels  smelted  by  current  techniques,  even  when  special  technologi¬ 
cal  procedures  are  employed  to  prevent  high  ga<?  saturation  and  me¬ 
tal  contamination. 

Relatively  reliable  results  with  respect  to  both  purity  and 
minimum  gas  saturation  are  yielded  by  acid-open-hearth  steel,  which 
has  certain  advantageous  physical  characteristics,  particularly  low 
flowability  and  low  slag  hydrogen  permeability  [5].  Such  steel  can 
be  smelted  by  using  an  especially  pure  charge  and  handling  the  tech¬ 
nological  process  carefully;  the  duplex  process  (reductive  silicon 
method)  is  used  for  most  critical  forgings.  This  process  is  u.ed  at 
the  Urals  Machine  Plant,  where  turbine-component  forgings  are  fab¬ 
ricated  from  special  steels  of  the  perlite  and  martensite  classes. 

Steel  smelted  in  a  basic  arc  furnace  by  oxidation  or  remelting 
is  used  for  a  broad  range  of  forgings.  An  electric  furnace  is  the 
only  possible  smelting  unit  for  certain  types  of  high-alloy  steel, 
such  as  those  of  the  austenite  class.  Certain  of  the  main  metal- 
quality  indices,  and  particularly  the  gas  saturation,  of  meciium- 
alloy  steels  produced  by  this  method  are  markedly  lower  than  those 
of  acid-open-hearth  steels. 
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Comparison  of  the  hydrogen  content  in  melts  of  medium-alloy 
acid  steel  and  medium-alloy  basic  electric  steel  shows  that  the 
average  hydrogen  content  of  the  former  is  about  3-H  cmVlOO  g  of 
metal  and  that  of  the  latter  is  5-8  cm*/100  g,  l.e.,  the  hydrogen 
content  of  basic  electric  steel  is  about  1.5-2  times  that  of  acid- 
open-hearth  steel. 

The  physicochemical  properties  of  the  slag  and  the  technologi¬ 
cal  characteristics  of  the  process  permit  metal  with  a  low  content 
of  detrimental  Impurities  and  slag  inclusions  to  be  smelted  in  elec¬ 
tric  furnaces.  Thus,  arc  smelting  can  yield  a  steel  with  a  sulfur 
content  of  less  than  0.010-0.0151,  which  is  very  difficult  to  do 
in  the  open-hearth  process.  However,  it  must  be  kept  in  mind  that 
forging  quality  is  affected  both  by  the  quantitative  content  of 
nonmetallic  inclusions  and  by  the  type  and  distribution  of  the  in¬ 
clusions  in  the  steel.  Research  and  analysis  of  many  commercial 
forgings  fabricated  from  steel  smelted  by  different  methods  have 
established  that  randomly  distributed  inclusions  of  the  globular 
type,  which  do  not  create  stress  concentrators,  have  the  minimum 
effect  cn  the  mechanical  properties  and  hot  deformability  of  steel. 
Inclusions  distributed  in  the  form  of  films,  chains,  or  eutectic 
networks  are  more  detrimental,  essentially  giving  forgings  low  mech¬ 
anical  properties  in  the  transverse  and  tangential  directions.  Prom 
this  standpoint,  the  character  of  the  inclusions  in  acid-open-hearth 
steel  is  generally  more  favorable  than  that  of  the  inclusions  in 
basic  electric  steel,  although  that  in  the  latter  can  theoretically 
be  altered  by  various  technological  smelting  procedures. 

In  view  of  the  wide  use  of  electric  arc  furnaces  with  basic 
bottoms  for  smelting  a  broad  range  of  alloy  and  high-alloy  special 
steels,  the  problem  of  increasing  the  quality  of  basic  electric 
steel  and  particularly  that  of  reducing  its  gas  saturation  are 
particularly  pressing. 

The  experience  of  the  NPL  and  certain  other  plants  indicates 
that  it  is  possible  to  obtain  a  substantial  increase  in  the  quality 
of  electric  steel  by  taking  a  number  of  technological  measures. 

Prime  among  these  are  selection  of  a  charge  with  a  reduced  content 
of  gas-producing  elements,  use  of  specially  smelted  charge  blanks 
for  the  most  critical  melts,  roasting  of  the  lime,  oxidizing  agents, 
and  ferroalloys,  selection  of  the  optimum  melting  and  slag  regimes, 
use  of  complex  deoxidizing  agents,  and  effective  utilization  of 
diffusion  deoxidation.  These  measures  permit  fabrication  of  rela¬ 
tively  large  forgings  from  various  alloy  steels  (e.g.,  forged  gas- 
turbine  wheels  with  hubs  400  mm  high  from  3M*J15  steel)  that  satis¬ 
fy  all  the  rigid  quality  requirements  imposed  by  technical  speci¬ 
fications  or  critical  turbine  components. 

Rare-earth  metals  [REM3(P3H),  principally  Dutch  metal  and 
ferrocerlum,  have  recently  come  into  wide  use  for  better  deoxida¬ 
tion  and  modification  of  special  steels,  especially  those  of  the 
austenite  class.  It  has  been  shown  that  REM  actively  interact 
with  the  impurities  In  the  metal,  facilitating  removal  of  nonmetal- 
11c  inclusions  and  dissolved  gases,  reduction  of  grain  size,  and 
elimination  of  crystallization  defects;  they  reduce  the  amount 
of  a-phase  in  the  austenite  chromium-nickel  and  chromium-nlckel- 
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molybdenum  steels  X18H9T  and  X18H1PM2T.  As  a  reuu.lt,  REM  Increase 
metal  purity,  reduce  anisotropy  of  mechanical  properties,  and  have 
a  favorable  effect  on  deformabl li  ty  at  forging  teniDeratures . 

Casting  or  steel.  Optimum  casting  methods  and  regii,  s  facili¬ 
tate  formation  of  a  compact  ingot  macrostructure,  a  decrease  in  the 
content  of  gases  and  nonmetallic  inclusions,  and  minimum  development 
of  surface  defects.  We  must  emphasize  the  importance  of  the  latter 
factor,  which  is  directly  related  to  solution  of  one  problem  in  the 
production  of  special-steel  forgings:  forging  of  hot-delivered  in¬ 
gots  without  cleaning,  local  removal  of  defects,  or  other  types  of 
preparation.  Hot  delivery  of  low-plasticity,  poorly  deformable 
steels,  which  include  most  special  steels  of  the  austenite,  marten¬ 
site,  and  ferrite-martensite  classes,  is  permissible  only  when  the 
ingot  surface  has  no  cracks  or  other  large  defects,  which  inevitably 
have  an  unfavorable  effect  on  forging,  extending  as  far  as  ingot 
fracture  during  the  first  few  passes.  However,  provided  that  the 
ingot  surface  is  satisfactory,  hot  delivery  has  a  number  of  undoub'od 
advantages,  Including  more  economical  utilization  of  production  areuS 
in  the  smelting  shop,  shorter  preforging  heating  of  the  ingots,  and 
increased  technological  efficiency.  As  research  and  plant  experience 
has  established,  a  continuous  hot  cycle  is  an  important  condition 
for  successful  production  of  high-quality  forgings  from  many  alloy 
and  high-alloy  steels. 

Of  the  two  principal  steel-casting  methods,  top  and  bottom 
pouring,  special  steels  are  usually  cast  only  by  top  pouring,  which 
produces  fewer  axial  defects  in  the  ingot  and  results  in  loss  con¬ 
tamination  of  the  metal  with  slag  inclusions. 

During  top  casting,  .liquid  steel  spatters  on  the  walls  of  the 
mold  and,  oxidizing,  forms  large  scabs  and  flakes  of  metal  on  the 
ingot  surface.  The  oxidized  metal,  reacting  with  the  molten  steel, 
remains  as  inclusions  within  the  ingot,  thus  increasing  the  content 
of  nonmetallic  inclusions  of  the  oxide  type.  This  is  particularly 
true  of  special  stc<--is  alloyed  with  titanium,  aluminum,  and  chrom¬ 
ium,  since  these  element,  have  a  strong  tendency  toward  oxidation 
during  pouring. 

The  method  by  which  the  steel  is  poured  (directly  from  the 
ladle  or  through  some  intermediate  device)  and  the  atmosphere  in 
the  mold  during  filling  have  a  strong  influence  on  ingot  quality. 
These  factors  sometimes  have  a  decisive  effect  on  contamination 
with  nonmetallic  inclusions,  surface  quality,  and  cracking. 

Pouring  the  metal  through  an  intermediate  funnel  substantially 
Improves  mold-filling  conditions.  Even  during  the  Initial  stage  of 
pouring,  the  metal  enters  the  mold  with  a  small  ferroslatic  head, 
in  a  smooth,  accurately  centered  stream.  The  force  with  which  the 
stream  strikes  the  bottom  at  the  beginning  of  casting  is  substan¬ 
tially  reduced.  All  this  promotes  an  Increase  In  Ingot  quality. 

In  all  cases  where  the  thermophys leal  state  of  the  molten  steel 
permits  the  mold  to  be  filled  through  Intermediate  funnels,  tills 
process  therefore  is  undoubtedly  preferable  to  direct  pouring  from 
the  ladle.  Pouring  of  special  steels  direct,  ly  from  the  ladle  Is 
permissible  only  when  the  molten  metal  Kay  high  viscosity  and  *1 
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is  difficult  to  use  intermediate  funnels. 

Possible  contamination  of  the  steel  with  the  produces  of  the 
mechanical  and  chemical  action  of  the  molten  metal  on  the  funnel 
lining  causes  some  misgivings.  Serious  practical  evaluation  of  this 
factor  is  necessary  in  fabricating  forged  turbine  components  and 
other  critical  articles  from  ingots.  However,  sufficiently  stable 
refractories  are  now  available  and  their  use  for  funnel  linings 
provides  completely  reliable  results,  as  has  been  confirmed  by 
many  years  of  experience  in  casting  alloy  and  high-alloy  steels 
at  the  NPL. 

The  amount  of  metal  oxidized  and  hence  the  contamination  with 
nonmetallic  inclusions  decrease  as  the  liquid-metal  surface  exposed 
to  the  air  during  pouring  is  reduced.  Oxide  formation  during  casting 
is  the  principal  factor  responsible  for  surface  defects  in  ingots. 
Such  defects  can  therefore  be  eliminated  or  at  least  reduced  by 
creating  a  reducing  or  neutral  atmosphere  in  the  molds.  The  neutral 
gas  argon  is  specifically  employed  for  this  purpose,  being  supplied 
to  the  mold  before  the  steel  is  poured;  it  drives  the  oxidizing  gases 
out  of  the  mold  cavity  and  reduces  the  contamination  of  the  molten 
metal  with  nonmetallic  inclusions.  Ingot  surface  quality  is  markedly 
Improved.  Argon  is  used  in  casting  high-alloy  steels,  including  the 
austenite  steels  3M572,  X18H2282T2,  etc. 

Various  plants  have  begun  to  make  wide  use  of  the  method  pro¬ 
posed  by  Engineer  X.N.  Ivanov  for  casting  special  steels,  especially 
those  alloyed  with  titanium,  chromium,  and  aluminum.  This  technique 
consists  in  introducing  magnesium  shavings,  chips,  or  powder  into 
the  mold  (before  casting)  in  amounts  of  about  75-BO  g/t  of  metal, 
in  order  to  absorb  all  the  oxygen  and  set  up  a  nonoxidizing  atmo¬ 
sphere  in  the  mold.  The  latter  is  tightly  covered  with  a  steel  lid 
before  casting.  When  the  first  portion  of  metal  is  delivered,  the 
magnesium  burns  and  binds  the  oxygen  present  in  the  mold.  Ingots 
cast  with  magnesium  are  distinguished  by  a  noticeably  improved  sur¬ 
face. 

/ 

Parallel  experiments  on  the  use  of  argon  and  magnesium  In 
casting  0X18H10T,  3M572,  X18H12M2T,  X18H22B2T2,  and  other  high-alloy 
steels  into  ingots  weighing  up  to  16  t  have  demonstrated  the  advan¬ 
tage.-  of  magnesium  over  argon. 

In  order  to  reduce  the  number  of  surface  defects  in  high-alloy 
steel  inyots,  some  plants  cast  the  metal  under  a  layer  of  molten 
slag  [6,7 j.  Study  of  the  macrostrueture  of  Ingots  cast  by  this 
method  shewed  that  the  slag  is  not  Included  in  tne  metal  and  that 
the  contamination  and  porosity  of  the  ingot  is,  in  any  event,  no 
worse  than  that  of  Ingots  oast  by  the  usual  method.  At  the  same  time, 
there  is  a  severe  decrease  in  surface  quality.  Experimental  ingots 
weighing  from  6.5  to  32  t  have  been  cast  under  a  layer  of  molten 
slag  with  satisfactory  results  at  the  Nrishli  Sapp  lay  plant  in  Tor¬ 
rence  (USA)  [8j. 

Further  study  and  improvement  of  casting  under  Molten  slag 
as  this  technique  applies  to  special  steels  used  for  large  criti¬ 
cal  forgings  is  obviously  wise. 
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Cooling  of  ingots.  The  thermal  conditions  under  which  cooling 
takes  place  have  a  strong  influence  on  the  quality  of  ingots  of 
alloy  and  high-alloy  steels.  In  particular,  the  sensitivity  of  steel 
to  formation  of  intercrystalline  cracks  and  to  propagation  of  such 
cracks  during  transfer  of  hot  ingots  from  the  smelting  to  the  press¬ 
ing  shop  is  greatly  increased  when  the  metal  temperature  drops  (to 
below  600-650°C) .  This  is  true  both  of  martensite  steels  and  of  cer¬ 
tain  types  of  austenite  steels  (X18H22B2T2,  3H572,  etc.).  In  individual 
cases,  it  is  therefore  best  to  deliver  the  ingots  to  the  press  shop 
in  the  molds,  so  that  their  temperature  is  maintained  for  a  longer 
period.  The  NPL  has  successfully  employed  this  technique  for  small 
ingots  of  3M802 ,  15X11M06,  X17H2,  X18H22B2T2,  3M572,  and  certain 
other  steels.  Statistical  analysis  showed  that  forgings  fabricated 
from  cooled  ingots  exhibit  a  higher  percentage  of  rejects  for  folia¬ 
tion  and  other  metal  discontinuities  detected  ultrasonically .  There 
is  also  a  marked  decrease  in  deformability  during  forging. 

If  the  technological  process  for  production  conditions  require 
that  the  ingot  be  cooled  to  normal  temperatures,  this  is  done  in 
heat-treatment  furnaces  from  a  temperature  of  600-700°C,  following 
a  special  regime  that  depends  on  the  specific  type  of  steel. 

Special  methods  for  producing  high-quality  steel.  The  develop¬ 
ment  of  gas-turbine  building  and  other  branches  of  modern  technology 
has  necessitated  smelting  of  special-purpose  steels  with  high  physi¬ 
cal  homogeneity,  a  compact  macrostructure,  no  nonmetallic  inclusions, 
and  high  mechanical  properties.  The  usual  technique  for  steel  produc¬ 
tion  in  open-hearth  and  electric  furnaces  cannot  always  provide  me¬ 
tal  that  satisfies  such  high  requirements,  even  when  special  tech¬ 
nological  procedures  are  employed.  To  some  extent,  this  problem  has 
been  solved  by  use  of  new  steel-production  methods:  evacuation  dur¬ 
ing  casting,  electric  slag  remelting,  and  vacuum  smelting.  Wide  use 
of  those  smelting  and  casting  techniques  in  special-steel  produc¬ 
tion  is  planned  for  the  immediate  future. 

Vacuum  casting  of  molten  steel  is  one  way  to  effectively  in¬ 
crease  metal  quality.  This  procedure  has  come  into  wide  use  in  the 
USSR  and  abroac.  About  803!  of  the  steel  intended  for  forgings  in 
the  USA  Is  subjected  to  vacuum  treatment  [9]. 

Vacuum  cast  i  ng  promoter,  degas.  >  rl  cat  Ion  of  the  metal,  speci¬ 
fically  reducing  the  hydrogen  eoricentr  it  1  on ,  decreasing  the  content 
of  nonmetallic  inclusions,  and  providing  a  more'  uniform  inclusion 
distribution  in  the  Ingot, 

According  to  the  data  or  the  Urals  "aehine  Plant.  TlO],  the 
hydrogen  content  .tee  Is.  of  types  such  as  P.’  Is  reduced  by  ''wliof 
during  exposure  to  a  vacuum,-  while  the  total  nonmetal  1  !c- Indus  ton 
cont  ent  decreases  by  a  factor  of  »-  j.  Vacuum  eas  t.  Ing,  has  been 
found  to  have  a  similar  Influence  on  degas  IT! eat  Ion  and  nonmetal- 
1 1  c- Inc  Ins  Ion  content  In  3HAlh  steel  at  the  Novo  Kramat.ers.k  Machine 
building  Plant  [NKMP  ](HK3M)  fill.  Korelgn  data  (u)  have  also  con¬ 
firmed  that  the  content  of  hydrogen  and  oxide  Inclusions  In  vacuum- 
east  steel  Is,  far  lower  than  In  steel  cast  by  the. usual  method, 
for  example,  It  nns  been  found  that  th“  hydrogen  c  ut-ut  of  treated 
steel  Is-  reduced  by  -'lO-nOl  and  Its  ox!  do- ?  nr  !w  •!  on  sit  erg  is  ro¬ 
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duceii  by  no  less  than  60— 70Jt .  There  is  a  decrease  in  both  the  number 
and  size  of  the  nonmetallic  inclusions,  which  has  a  favorable  effect 
on  the  physicomechanlcal  properties  of  the  steel. 

A  radical  technique  for  improving  metal  quality  is  molten-slag 
remelting,  which  provides  high  purity  from  nonmetallic  inclusions, 
high  compactness  and  uniformity  of  macrostructure,  and  increased 
forgabi lity . 

Considerable  experience  has  now  been  amassed  in  the  produc¬ 
tion  of  forgings  from  special  steels  obtained  by  molten-slag  re¬ 
melting.  An  extremely  large  molten-slag  furnace,  intended  for  produc¬ 
tion  of  ingots  weighing  up  to  ,.2-ll!  t,  was  put  into  operation  at 
the  Novo  Kramatorsk  Machine  Building  Plant  (in  the  Donbass)  in  1962. 
Furnaces  for  production  of  ingots  weighing  up  to  40-50  t  are  in  the 
planning  stage. 

Vacuum  smelting  is  another  way  to  solve  the  principal  problems 
in  the  production  of  high-quality  steel.  Vacuum  arc  furnaces  with 
consummable  electrodes  are  the  most  widely  used.  It  has  been  estab¬ 
lished  that,  even  when  the  furnace  vacuum  is  It  there  is  a  sub¬ 
stantial  decrease  in  the  amount  of  dissolved  hydrogen,  oxygen,  and 
nitrogen  in  the  steel.  The  content  of  nonmetallic  inclusions,  es¬ 
pecially  those  of  the  oxide  type,  is  also  greatly  reduced  and  their 
distribution  over  the  ingot  becomes  more  uniform.  Vacuum-steel  in¬ 
gots  are  distinguished  by  reduced  liquation  and  porosity  and  good 
deformability .  Detrimental  impurities  (tin,  lead,  antimony,  and 
ismuth)  are  removed  during  vacuum  smelting  [12].  In  combination, 
che  aforementioned  factors  promote  an  increase  in  the  mechanical 
and  special  properties  of  steel,  including  hot  strength. 

Steel  of  especially  high  quality,  with  high,  3table  hot  strength 
and  long-term  plasticity,  is  produced  by  two  or  even  three  vacuum 
arc  remelts,  which  Improves  metal  quality  to  a  substantially  greater 
extent  than  a  single  remelt. 

5.  DISTRIBUTION  OF  NONMETALLIC  INCLUSIONS  AND  HYDROGEN  IN  INGOTS 

Numerous  experimental  investigations  have  established  that 
most  of  the  nonmetallic  inclusions  of  the  oxide  type  are  located 
in  the  lower  portion  of  the  ingot  (the  lower  third  of  its  height). 

The  ingot  content  gradually  decreases  from  the  bottom  of  the  ingot 
to  the  top.  In  cross-section,  the  nonraetallic-inclusion  content  is 
higher  in  the  axial  portion  of  the  ingot. 

The  qualitative  character  of  the  inclusion  distribution  along 
the  ingot  axis  remains  roughly  the  same  in  ingots  of  different 
weights,  the  only  difference  being  that  the  maximum  oxide-inclusion 
content  lies  closer  to  the  bottom  of  the  Ingot  as  Its  weight  Increase 

The  preferential  accumulation  of  nonmetallic  inclusions  In  that 
portion  of  a  forging  corresponding  to  the  lower  third  of  the  ingot 
ha3  been  confirmed  by  many  years  of  experience  in  the  fabrication 
of  large  alloy-nteel  forgings.  Under  plar.t  conditions,  thin  pattern 
!  very  clearly  seen  during  ultrasonic  quality  control  of  critical 
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components:  according  to  statistical  data,  the  overwhelming  major Lt 
of  the  forgings  rejected  at  the  NPL  for  Impermissible  accumulation.; 
of  nonmetallic  inclusions  were  fabricated  from  the  lower  portion 
of  an  ingot.  This  situation  also  holds  for  other  plants. 

In  individual  cases  involving  fabrication  of  very  critical 
components,  a  special  quality-control  check  is  made  on  the  inter¬ 
mediate  blanks  by  ultrasonic  defectoscopy,  rejecting  the  portions 
of  the  ingot  with  the  highest  concentration  of  nonmetallic  inclu¬ 
sions.  This  procedure  is  specifically  employed  in  forging  large  num 
bers  of  smooth  plates  from  ingots  of  P2  steel  weighing  up  to  145  t. 
The  ingot,  reduced  to  a  plate  over  its  entire  length,  is  subjected 
to  ultrasonic  defectoscopy  and  then  laid  out  for  cutting  in  accord¬ 
ance  with  the  results  obtained.  It  was  found  that  the  overwhelming 
majority  of  the  defects  (nonmetallic  inclusions)  in  all  the  ingots 
were  located  in  the  bottom  portion,  in  a  zone  occupying  from  1/4  to 
1/3  of  ^he  ingot  height.  This  example  is  quite  interesting,  since 
the  ncnmetallic-inclusion  distribution  was  found  to  hold  for  large 
ingots  on  a  broad  production  scale. 

The  concentration  of  oxide  inclusions  in  the  lower  portion  of 
the  ingot  apparently  results  from  secondary  oxidation  of  the  steel 
when  it  is  poured  into  the  molds.  The  liquid  metal  that  spatters 
when  the  stream  strikes  the  bottom  of  the  mold  is  oxidized  in  the 
air  and,  entering  the  metal  as  it  is  poured  in,  ultimately  takes 
the  form  of  inclusions. 

The  contamination  of  ingots  with  nonmetallic  inclusions  can 
be  reduced  by  pouring  the  3teel  in  a  nonoxidizing  atmosphere.  This 
is  one  of  the  main  factors  responsible  for  the  sharp  decrease  in 
the  nenmetallic-lnclusion  content  of  ingots  cast  in  a  vacuum. 

The  hydrogen  distribution  in  an  Ingot  has  the  following  char¬ 
acter:  the  hydrogen  content  along  the  ingot  axis  Increases  from 
bottom  to  top,  while  tnat  over  the  ingot  cross-section  increases 
from  the  periphery  to  the  center.  According  to  data  obtained  in 
Investigating  a  chromium-nickel-molybdenum  steel  ingot  weighing 
2  t  [13],  the  hydrogen  content  along  the  ingot  axis  increase  from 
3-7  cmvlOO  g  in  the  lower  portion  to  6.4  cmVlOO  g  in  the  center 
and  7.4  cmViOO  g  in  the  upper  portion;  the  content  over  the  Ingot 
cross-section  Increased  from  1.7  cm*/100  g  at  the  periphery  to 
6.4  cmV'100  g  at  the  center,  the  highest  hydrogen  content  occurring 
in  the  liquation  zones.  A  number  of  other  investigations  have  shown 
the  hydrogen  distribution  to  have  a  similar  character. 

A  tendency  for  the  hydrogen  content  to  increase  from  the  peri¬ 
phery  to  the  center  has  also  been  observed  in  Ingots  of  austenite 
steel,  but  the  cross-sectional  hydrorv  distribution  Is  more  uni¬ 
form  than  in  Ingots  of  structural  pe:  .e  steel.  Tills  car.  be  il¬ 
lustrated  by  data  for  an  ingot  of  X18hoT  austenite  steel  weighing 
2.1  t,  in  which  the  hydrogen  content  ranged  from  6.6-7. 8  em»/100  g 
In  the  peripheral  zone  to  9-14  cmViOO  g  in  the  center  [5], 

This  hydrogen-distribution  pattern  hfcs  also  been  confirmed 
by  the  results  of  quality-control  teats  on  al Toy-steel  forgings 
under  plant  conditions:  the  highest  hydrogen  content  generally 
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occurs  in  forgings  produced  from  the  upper  portions  of  large  ingots. 

6.  SELECTION  OF  OPTIMUM  INGOT  PARAMETERS 

The  optimum  initial-ingot  shape  is  one  of  the  decisive  condi¬ 
tions  for  high  forging  quality  and,  at  the  same  time,  governs  the 
economy  of  the  technological  process. 

The  principal  requirement  Imposed  on  an  ingot  are  minimum  de¬ 
velopment  of  shrinkage  and  liquation  phenomena  and  a  compact  cen¬ 
tral  structure.  These  requirements  are  especially  important  for 
alloy  and  high-alloy  steels  containing  nickel,  chromium,  vanadium, 
titanium,  and  other  elements,  since  the  nature  of  the  forgings 
fabricated  from  special  steels  not  only  makes  it  impossible  to 
remove  the  axial  zone  of  the  ingot  in  many  cases  but  also  necessi¬ 
tates  Its  use  for  forming  the  most  critical  portions  of  the  compon¬ 
ent  (e.g.,  gas-turbine  wheels  without  central  holes).  Shrinkage  de¬ 
fects  in  the  ingot  are  difficult  to  weld  up  during  deformation  and 
even  special  complex  forging  techniques  often  do  not  yield  satis¬ 
factory  finished  products. 

Development  or  metallurgical  defects  in  an  ingot  is  largely 
governed  by  its  weight  and  shape,  whose  principal  parameters  are 
the  ratio  of  height  to  average  diameter  ( H/D )  and  taper,  which  is 
determined  by  the  direction  of  ingot  crystallization.  The  combina¬ 
tion  o °  these  factors  has  a  decisive  influence  on  the  physical 
structure  and  chemical  homogeneity  of  the  ingot.  An  Increase  in 
relative  height  reduces  extracentral  liquation  as  a  result  of  rapid 
solidification  and  limitation  of  diffusion  processes  on  the  one 
hand  and  promotes  development  of  axial  cores  or;  the  other,  since 
horizontal  solidification  proceeds  more  rapidly  than  vertical 
solidification;  the  situation  is  reversed  in  ingots  with  a  reduced 
relative  height.  The  less  distinct  solidification  direction  in  in¬ 
gots  with  a  high  H/D  ratio  causes  formation  of  a  less  compact  axial 
zone.  An  increase  in  ingot  taper  improves  its  internal  structure: 
the  zone  of  axial  porosity  is  reduced.  3y  selecting  an  optimum  H/D 
and  taper,  it  is  possible  to  produce  ingots  that  most  fully  satis¬ 
fy  requirements  for  physical  and  chemical  homogeneity.  However, 
there  is  also  an  economic  factor  that  must  be  taken  Into  account: 
an  elongated  ingot  Is  usually  more  economical  to  work  than  a  short 
ingot.  This  is  due,  first  of  all,  to  the  higher  yield  of  finished 
products  resulting  from  the  relatively  lower  shrinkage  head  and, 
secondly,  to  the  increased  forgi  ng-eau i  u'ment  productivity  In  cases 
where  the  ratio  of  the  cross-sectional  area  of  the  Initial  Ingot 
to  that  <  f  the  drawn  billet  is  sufficiently  high  for  specific 
forgings. 

Selection  of  an  optimum  ingot  shape  should  take  Into  account 
the  steel  used,  the  forging  configuration,  and  the .degree  of  cri¬ 
ticality.  For  example,  high  compactness  of  Ingot  macrostructure  is 
not  of  as  decisive  importance  in  fabricating  special-steel  forgings 
of  the  ring  or  bushing  type  as  In  forging  gas-turbine  wheels  with¬ 
out  central  holes.  In  the  first  case,  the  axial  zone  of  the  Ingot 
is  to  some  extent  removed  during  broaching;  In  the  second  case, 
thin  zone  forms  the  portion  of  the  wheel  subject  to  the  most  sev¬ 
ere  structural  loading,  1 ,c. ,  the  hub,  as  determined  by  etching 
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and  ultrasonic  and  mechanical  testa  on  tangential  specimens.  In¬ 
dividual  forgings,  even  those  of  complex  shape,  fabricated  from 
steel  that  has  been  thoroughly  welded  up  during  forging  can  be 
produced  with  complete  reliability  from  ingots  with  a  less  compact 
structure,  but  such  ingots  are  sometimes  totally  unsuitable  when 
a  steel  that  is  difficult  to  weld  up  (e.g.,  3H802  or  15X11M<1>6) 
is  used. 

It  is  thus  best  to  orient  oneself  toward  a  general-purpose 
ingot  shape  for  special-steel  forgings,  with  their  diversity  of 
types,  classes,  and  varieties.  Study  of  the  characteristics  of 
forgings  and  of  the  types  of  steel  used  under  specific  produc¬ 
tion  conditions  will  thus  permit  completely  reliable  classifica¬ 
tion  of  steels  with  respect  to  the  required  axial-zone  compactness 
in  the  initial  ingot  and  selection  of  the  ingots  that  are  best 
with  respect  to  both  forging  quality  and  production  economy  for 
each  group  of  forgings. 

Table  2  shows  the  principal  dimensions  and  other  parameters 
of  ingots  used  for  fabrication  of  critical  special-steel  forgings. 
All  the  Ingots  are  octagonal  in  cross-section. 

The  NPL  makes  extensive  use  of  high-taper  ingots  having  an 
H/D  ratio  of  about  1.7.  Ingots  weighing  up  to  5*7  t  are  produced 
with  a  stationary  adapter,  while  those  of  greater  weight  are  prod¬ 
uced  with  a  floating  adapter.  This  ingot  shape  creates  the  requis¬ 
ite  conditions  for  a  given  crystallization  direction  with  minimum 
development  of  shrinkage  phenomena.  Prolonged  production  testing 
has  established  that  the  results  obtained  in  using  ingots  with 
high  taper  or  complex  forgings  from  many  alloys  and  high-alloy 
steels  of  the  perlite  and  austenite  classes  are  completely  satis¬ 
factory,  as  Is  confirmed  by  the  relatively  compact  and  homogeneous 
Ingot  structure.  The  manner  in  which,  axial  defects  develops  in  the 
ingot  Is  such  that  they  can  be  successfully  welded  up  under  normal 
forging  conditions,  including  forging  of  rotors  from  2X13  steel, 
solid  wheels  without  central  holes  from  3H^15,  X18H9T,  and  3H572 
steels,  and  even  components  of  austenite  steel  with  a  very  complex 
composition  (X18H22B2T2) .  The  forgings  exhibit  no  negative  pheno¬ 
mena  that  might  be  attributed  to  increased  liquation  nonuniformity 
of  the  Ingot. 

However,  use  of  ingots  with  this  shape  does  not  always  have 
a  favorable  effect.  We  have  observed  some  cases  in  which  residual 
defects,  in  the  form  of  foliation  and  unwelded  pores,  were  detected 
in  the  central  rones  of  forgings  despite  extensive  machining  of  the 
met  a  i .  This  was  true  principally  of  ^orgings  from  high-chromium 
complex-alloy  s  tee  la  of  the  martensite  class  (3H802  and  15XUM*t>6), 

Sectioning  of  an  Ingot  of  3H802  steel  weighing  3.7b  t  ac¬ 
tually  confirmed  that  the  axial  zone  contained  rather  well-devel¬ 
oped  shrinkMgt  pores,  principally  In  the  central  third  of  the  In¬ 
got  nelght  .  The  most  serious  defects,  in  the  form  of  concentrated 
shrinkage  pores  In  a  vertical  band  about  ipO  mm  long  and  V-bO  mm 
wi  le,  were  located  about  halfway  up  the  Ingot..  The  shrinkage  cavi¬ 
ty  did  not  extend  beyond  the  shrinkage  Stead,  below  which  was.  a 
layer  of  compact  metal.  There  were  no  traces  of  porosity  in  the 
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1)  Sketch  of  Ingot;  2)  shape  of  Ingot;  3)  Ingot  weight,  t;  4) 
ratio  of  ingot-section  weights,  %\  5)  shrinkage  head;  6)  body; 

7)  bottom;  8)  ingot  dimensions;  9)  taper  of  ingot  body  (both 
sides),  %\  10)  normal;  11)  with  increased  taper  and  stationary 
adapter;  12)  with  increased  taper  and  floating  adapter;  13)  with 
varying  taper  and  reduced  ///£  ratio;  14)  elongated;  15)  see 
sketch. 


lower  portion  of  the  ingot.  The  transverse  axial-defect  zone  had 
an  extent  of  50  nun  in  only  one  section,  being  less  distinct  and 
no  more  than  20-30  mm  wide  in  the  other  sections. 

The  poor  weldability  of  3H802  and  similar  steels  during 
forging  means  that  ingots  with  the  shape  under  consideration  can¬ 
not  justifiably  be  used  for  critical  forgings  in  which  che  axial 
zone  of  the  ingot  is  not  removed.  Only  use  of  especially  pure 
melts  and  complex  deformation  techniques  lead  to  complete  welding 
up  of  the  shrinkage  defects  in  the  ingots. 

The  group  of  Ingots  (Table  2)  whose  shapes  are  distinguished 
by  triple  taper  and  a  low  H/D  ratio  are  of  interest  with  respect 
to  complex  high-alloy  steels  used  for  production  of  forgings  with 
continuous  cross-sections. 


The  taper  increases  sharply  (from  5.7  to  53%  on  both  sides) 
as  we  move  from  the  upper  portion  to  the  center  and  from  the  cen¬ 
ter  to  the  lower  portion  of  an  ingot  with  triple  taper.  The  H/D 
ratio  equals  1.5.  The  bottom  is  spherical  in  shape.  ‘The  shrinkage 
head  is  larger  than  in  ordinary  ingots,  amounting  to  28%  of  the 
total  weight.  Ingots  of  this  shape  were  planned  and  first  used 
for  high-alloy  steel  forgings  in  the  Urals  Machine  Plant.  They 
subsequent  came  into  use  in  certain  other  plants  that  produce 
special-steel  forgings.  The  principal  advantage  of  triple-taper 
ingots  is  the  smaller  extent  of  the  shrinkage  pores  and  hence  the 
greater  ingot  compactness  and  homogeneity. 

Sectioning  and  study  of  an  3U405  steel  ingot  weighing  1.3  t 
[14]  established  that  there  was  no  highly  developed  axial  porosity 
and  only  very  fine,  discontinuous  intercrystalllne  cracks  in  a 
narrow  region  of  the  axial  zone,  i.e.,  the  shrinkage  porosity  was 
very  limited  j.n  extent.  A  similar  pattern  was  observed  when  a 
triple-taper  Ingot  of  15XIlM<t>6  steel  weighing  2.1  t  was  investigated 
at  the  NPL.  The  fact  that  there  were  no  large'  shrinkage  defects  at 
the  surface  of  a  longitudinal  section  distinguished  It  from  other 
Ingots . 

Analysis  of  production  results  permits  us  to  look  favorably 
on  triple-taper  Ingots  from  the  standpoint  of  the  quality  of  fin¬ 
ished  forgings  of  complex-alloyed  steels.  This  is  particularly 
true  of  metallurglcally  complex  forgings  of  3H80?  and  15X1 IM*6 
steels,  which  were  checked  by  very  precise  type  of  defectoscopy. 


How eve r , 
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triple-taper  Ingots  are  uneconomical:  the  large 
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consumption  in  comparison  with  ingots  having  normal  parameters, 
while  the  relatively  large  diameter  (when  not  required  by  forging 
conditions)  complicates  the  forging  cycle,  necessitating  addition¬ 
al  heating  and  greater  labor  consumption  in  forging  fabrication. 

The  metal  consumption  per  ton  of  finished  forgings  is  increased  by 
an  average  of  15-17#  in  comparison  with  ordinary  ingots. 

Elongated  ingots  (Table  2)  are  most  economical,  greatly  in¬ 
creasing  the  main  technological-economic  indices  of  forging  produc¬ 
tion.  Their  use  reduces  metal  consumption  by  10-15#,  raises  forging- 
equipment  productivity  by  10-20#,  and  Increases  heating-furnace 
capacity.  As  a  result,  analysis  and  technical  evaluation  of  the 
feasibility  of  using  elongated  ingots  for  a  broad  range  of  special- 
steel  forgings  is  of  great  practical  interest. 

Ingots  weighing  up  to  6  t  with  H/D  -  3.3-3.^  and  increased 
taper  have  a  modified  shrinkage  head,  which  forms  a  unit  with  the 
mold  and  extends  upward,  which  yields  a  more  compact  ingot  struc¬ 
ture  and  reduces  the  depth  to  which  the  shrinkage  cavity  extends. 

Longitudinal  sectioning  and  study  of  an  ingot  of  chromium- 
molybdenum  perlit  steel  weighing  2.17  t  showed  that  the  shrinkage 
cavity  was  dish-shaped  and,  at  its  greatest  depth,  occupied  about 
2/3  of  the  shrinkage  head.  The  polished  section  surface  exhibited 
no  pores  and  only  deep  etching  of  the  central  portion,  within  a 
radius  of  30  mm  from  the  axis,  revealed  defects,  which  took  the 
form  of  a  fine  cellular  structure  and  small  pores.  The  defect  zone 
occupied  about  30#  of  the  ingot  height.  The  extracentral  liquation 
zone  was  less  highly  developed  than  in  ordinary  ingots. 

Elongated  ingots  are  widely  used  at  the  NPL  for  many  forgings 
with  different  weight  and  conf igurations  (including  wheels  without 
central  holes)  fabricated  from  perlite  ateels.  Even  with  reduction 
factors  less  than  those  employed  in  forging  ingots  with  normal 
parameters,  no  defects  associated  with  axial  pores  were  generally 
found  in  critical  forgings  produced  from  these  Ingots. 

We  also  obtained  favorable  results  in  using  elongated  ingots 
for  austenite-steel  forgings.  Specifically,  we  produced  complex 
forged  gas-turbine  wheels  with  a  continuous  hub  (3H572  austenite 
steel)  from  elongated  Ingots  weighing  2.17  and  3-5  t.  No  traces  of 
residual  ingot  defects  were  detected  when  an  experimental  batch  of 
such  forgings  and  then  many  production  batches  were  checked.  In 
investigating  an  elongated  ingot  of  X18H9T  austenite  steel  weighing 
2.17  t,  a  fine  but  quite  distinct  intercrystalline  crack  extending 
over  2/3  of  the  ingot  height  and  localized  along  the  geometric  axis 
of  the  Ingot,  was  found  in  the  axial  zone.  It  began  below  the  com¬ 
pact  metal  in  the  upper  portion  of  the  ingot  and  ran  to  ^00-^50  mm 
from  the  flange  in  the  lower  portion.  The  crack  length  in  trans¬ 
verse  sections  of  the  Ingot  did  not  exceed  2-3  mm;  there  were  al¬ 
most  no  axial  cells  or  pores  in  the  radial  direction.  One  charac¬ 
teristic  of  an  elongated  austenite-steel  ingot  is  therefore  very 
limited  development  of  shrinkage  defects  in  the  transverse  direc¬ 
tion  and  a  considerable  extent  in  the  longitudinal  direction. 

Comparison  of  research  data  with  the  results  of  quality-controi 
tests  on  forgings  produced  from  ingots  of  this  type  leads  us  to  con- 
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elude  that  the  lack  of  internal  defect..;  I  ri  aus  tentte-r.  teel  forg¬ 
ing”  i;;  due  not  so  much  to  the  high  compactness  of  (.lie  axial  zone 
of  an  elongated  ingot  as  to  the  ease  with  which  defects  are  welded 
up  during  forging.  Welding  up  is  facilitated  both  by  the  physical 
nature  of  the  steel  and  by  the  complete  isolation  of  intercrystal¬ 
line  cracks  in  the  ingot,  which  protects  their  walls  from  oxidation 
during  heating.  As  detailed  Investigations  similar  to  those  des¬ 
cribed  in  Chapter  8  showed,  the  minimum  reduction  in  area  necessary 
for  effective  welding  up  of  shrinkage  pores  in  an  elongated  ingot 
is  usually  small  and  achievable  by  ordinary  forging  processes. 

At  soiR"  nlants ,  use  of  triple-taper  Ingots  for  austenite-steel 
forgings  w.  gout  central  holes  is  regarded  as  a  necessary  condition 
for  successful  fabrication  of  such  components.  The  experience  of 
the  NPL  in  using  elongated  ingots  of  high-alloy  steels,  including 
austenite  steel,  has  shown  that  they  can  be  widely  employed  Tor 
complex,  very  critical  forgings. 

The  use  of  elongated  ingots  of  high-chromium  martensite  steels 
( 3H80? ,  15X11M06,  etc.)  is  a  considerably  more  complex  problem. 

Attempts  to  use  even  small  elongated  ingots  (2.17  t)  for  forg¬ 
ings  of  continuous  cross-section  must  be  regarded  as  unsuccessful 
in  -radical  terms;  isolated  forgings  were  of  high  quality  but 
stable  and  satisfactory  results  were  not  obtained,  despite  the 
fact  that  a  number  of  defective  forging  processes,  involving  alter¬ 
nate  deformation  directions,  large  reductions  in  area,  and  favorable 
deformation  temperatures  and  rates,  were  employed.  The  defects  de¬ 
tected  in  the  forgings  by  ultrasonic  and  macroscopic  examination 
(in  sections  of  the  component)  were  found  to  be  related  to  unwelded 
Ingot  pores.  f 

One  Ingot  of  15X11M0E  steel  weighing  2.17  t  was  sectioned. 

A  porous  shrinkage  structure  with  discontinuous  cracks  and  cavities 
elongated  along  the  ingot  axis  was  found  along  the  entire  length  of 
the  ingot  center,  except  in  the  area  beneath  the  shrinkage  head  and 
in  the  lower  portion  of  the  ingot.  The  zone  of  pronounced  axial 
porosity  was  50-70  mm  wide.  Analysis  of  the  microstructure  of  the 
metal  in  the  central  zone  s-howed  chains  of  carbide  and  oxides  to 
be  present  along  the  grain  boundaries,  while  defects  in  the  form 
of  Intercrystalline  discontinuities  were  also  found.  Complete  weld¬ 
ing  up  of  axial  defects  in  a  steel  of  this  type  can  apparently  take 
place  only  when  metal  of  very  high  purity  is  used.  Since  this  is 
difficult  to  achieve  when  complex-alloyed,  high-chromium  steels  are 
smelted  in  arc  furnaces,  selection  of  the  optimum  ingot  shape  is 
especially  critical.  Despite  the_increased  metal  consumption,  it 
is  best  to  use  triple-taper  ingots  for  complex  forgings  of  such 
steels,  since  they  are  most  reliable  with  respect  to  final  produc¬ 
tion  results;  at  worst,  high-taper  ingots  should  be  employed  (Table 
2) . 

Among  the  additional  factors  affecting  the  compactness  of  ingot 
structure  are  the  character'  of  the  riser  and  the  thickness  of  the 
mold  walls.  Two  types  of  risers  are  employed  in  producing  special- 
steel  forging  ingots:  the  presence  of  a  floating  riser  set  close 
to  its  lower  position  has  an  unfavorable  effect  on  ingot  quality, 


since  it  causes  substantial  loss  of  heat  into  the  upper  portion  of 
the  mold,  promoting  formation  of  a  "bridge"  in  front  of  the  shrinkage 
head  and  poorer  crvstallziation  conditions  in  the  central  zone.  In 
casting  ingots  for  critical  applications,  it  is  therefore  desirable  to 
cvoid  having  a  floating  riser  in  this  position  and  even  better  to  use 
molds  with  stationary  risers. 

Use  of  thin-walled  molds  is  of  considerable  Interest.  Research 
in  this  area  [15,  16]  has  shown  that  use  of  such  molds  for  ingots  of 
high-alloy  steels  increases  the  compactness  of  the  axial  zone  and 
improves  forging  quality. 

Experimental  work  on  the  use  of  thin-wall  molds  for  elongated 
ingots  of  15X11M05  steel  has  been  conducted  at  the  NPL.  Investiga¬ 
tion  of  an  ingot  weighing  2.17  t  established  that  there  was  a  marked 
decrease  in  the  volume  of  the  axial  shrinkage  porosity.  Batches  of 
experimental  forgings  produced  from  such  ingots  were  of  satisfactory 
quality.  However,  the  experimental  results  require  additional  investi¬ 
gation  and  more  thorough  verification  of  the  expediency  of  using  thin- 
walled  molds  under  production  conditions. 

As  ingot  weight  rises,  there  is  an  Increase  in  the  extent  of 
the  liquation  and  shrinkage  defects.  It  is  therefore  necessary  to 
attempt  to  use  ingots  with  the  minimum  necessary  weight.  However, 
the  general  rule  that  it  is  preferable  to  select  an  ingot  of  minimum 
weight  for  a  single  forging  is  not  always  the  optimum  one.  The  point 
lies  not  only  in  the  greater  process  economy  that  sometimes  accompan¬ 
ies  use  of  one  ingot  for  several  forgings  and  the  better  organization 
of  the  operations  involved  in  casting  the  molten  steel,  but  also  in 
the  characteristics  of  the  forging  process,  which  affect  the  effi¬ 
ciency  with  which  the  metal  can  be  machined  and  hence  the  quality  of 
the  forgings.  An  example  is  one  of  the  technological  processes  for 
forging  gas-turbine  wheels  from  3M802  steel,  in  which  it  was  found 
necessary  to  subject  the  ingot  to  preliminary  drawing  (before  inter¬ 
mediate  upsetting),  in  order  to  weld  up  axial  defects.  It  was  found 
that  this  was  feasible  only  when  the  ingot  was  twice  the  necessary 
weight,  i.e.,  could  be  used  for  two  forgings.  In  some  cases,  it  is 
best  to  select  an  ingot  of  greater  weight  than  necessary  for  the 
final  forging  because  use  of  large  reductions  in  area  is  undesirable. 
This  situation  occurs,  for  example,  in  forging  certain  components  of 
the  ring  type  from  poorly  deformable  steels,  where  substantial  upset¬ 
ting  of  the  ingot  or  blank  before  rolling  is  impermissible  for  rea¬ 
sons  of  component  quality.  In  this  case,  use  of  an  ingot  of  greater 
weight  (equivalent  to  2-3  components)  permits  a  sharp  reduction  in 
the  upsetting  of  each  blank  (as  a  result  of  the  increased  cross-sec¬ 
tional  area)  and  improves  steel  deformability  with  no  detrimental 
effect  on  component  quality.  Finally,  when  the  central  portion  of 
the  ingot  is  to  be  removed,  use  of  an  ingot  equivalent  to  2-3  forg¬ 
ings  and  having  a  favorable  configuration  is  sometimes  expedient  on 
the  basis  of  technical-economic  considerations. 

The  general  rule  that  an  ingot  of  minimum  weight  should  be  used 
must  thus  not  be  regarded  as  excluding  other  solutions  in  individual 
cases,  especially  with  respect  to  ingots  weighing  up  to  <1-5  t. 
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Chapter  3 

THERMOMECHANICAL  CHARACTERISTICS  OF  THE  FORGING  OF  HIGH-ALLOY  STEELS 

7.  CHANGE  IN  METAL  STRUCTURE  AS  A  FUNCTION  OF  DEFORMATION  TEMPERATURE 
AND  RATE 

High-alloy  steels  of  the  austenite  group  are  distinguished  by 
the  most  important  features  with  respect  to  the  thermomechanical 
factors  involved  in  forging,  since  they  are  known  to  undergo  phase 
transformations.  The  requisite  metal  structure  can  be  achieved  in 
these  fields  only  through  the  deformation  conditions,  as  there  is 
no  heat  treatment  that  can  reduce  the  grain  size  produced  during 
forging.  The  quenching  and  subsequent  aging  generally  employed  for 
austenite  steels  can,  at  best,  merely  maintain  the  grain  size  created 
during  forging.  The  opposite  situation  Is  often  observed,  however, 
in  which  heat  treatment  leads  to  an  increase  in  grain  size  and  there 
is  no  way  to  modify  it  by  subjecting  the  metal  to  any  thermal  process. 

The  mechanical  properties  and  hot  strength  of  steel  depend  on 
its  grain  size.  The  mechanical  properties  are  reduced  as  grain  size 
increases,  while  long-term  strength  is  slightly  raised  if  the  grain 
structure  is  relatively  uniform.  The  principal  requirement  imposed 
on  the  structure  of  high-hot-strength  austenite  steels  is  chus  homo¬ 
geneity  of  grain  structure.  In  most  cases,  forgings  of  high-hot- 
strength  steels  should  have  a  fine-  or  medium-grained  structure  in 
order  for  them  to  have  the  required  characteristic. 

The  grain  size  of  a  deformed  metal  depends  on  the  recrystalliza¬ 
tion  process,  whose  course  is  determined  by  the  degree  of  deformation 
and  the  deformation  temperature.  When  a  metal  is  forged  at  critical 
degrees  of  deformation,  Its  structure  after  recrystallization  is 
coarse-grained.  The  final  operations  of  forging  should  therefore 
provide  a  reduction  regime  for  each  prc-ss  or  hammer  stroke  that  en¬ 
sures  production  of  normal  grain  size.  The  degrees  of  deformation 
recommended  for  forging  are  based  on  the  recrystallization  diagrams 
that  have  been  worked  out  for  specific  types  of  steel. 

The  critical  degree  of  deformation  for  most  hlgh-hot-strength 
austenite  steels  is  5-12JC.  Critical  deformation  occurs  at  all  forg¬ 
ing  temperatures,  but  the  grain  size  undergoes  a  particularly  large 
increase  at  high  temperatures.  As  a  result,  forging  cannot  terminate 
in  the  high- temperature  region  when  the  degree  cf  deformation  is 
small  (close  to  critical)  in  cases  where  the  forgings  must  have  a 
fine-grained  structure.  However,  use  of  very  low  final  forging  temp¬ 
eratures  also  produces  an  unsatisfactory  structure:  the  grain  size 
vartes  as  a  result  of  the  nonuniform  deformation  conditions  produced 
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by  incomplete  recrystallization. 


One  condition  for  production  of  a  uniform  grain  size  throughout 
a  forging  is  that  there  should  not  be  a  composite  deformation  mech¬ 
anism,  i.e.,  recrystallization  should  not  terminate  during  forging. 
Studies  of  the  influence  of  deformation  temperature  and  degree  of 
deformation  on  the  recrystallization  of  3M572  austenite  steel  made 
at  the[NPL]  (H3J1)  and  the  Central  Scientific  Research  Institute  of 
Technology  and  Machine  Building  showed  that  recrystallization  does 
not  occur  with  any  reduction  in  area  when  the  final  forging  tempera¬ 
ture  is  below  800°C.  Working  recrystallization  begins  after  forging 
at  900°C  or  above.  Formation  of  recrystallized  grains  at  this  tempera¬ 
ture  requires  deformation  by  80-85!?,  but  working  recrystallization  is 
not  complete  even  at  thiu  degree  of  deformation.  The  deformation  at 
which  working  recrystallization  begins  decreases  as  the  forging  temp¬ 
erature  is  raised,  amounting  to  about  50!?  at  950°C  and  40J?  at  1000°C; 
recrystallization  is  complete  throughout  the  entire  forging  volume  at 
1100-1150°C,  regardless  of  the  degree  of  deformation.  VJhen  working 
recrystallization  is  not  complete  (at  1000°C  or  below),  the  structure 
of  3H572  steel  contains  grains  of  greatly  differing  size.  It  was  es¬ 
tablished  that  selective  recrystallization  begins  at  1050-1100°C  but 
is  very  weak,  having  only  a  slight  effect  on  grain  growth  even  during 
prolonged  holding.  In  practice,  marked  grain  growth  resulting  from 
selective  recrystallization  occurs  only  after  holding  at  a  tempera¬ 
ture  of  about  1150°C  for  2-3  h.  For  other  austenite  steels,  the  speci¬ 
fic  relationship  between  the  recrystallization  conditions  on  one  hand 
and  the  deformation  temperature  and  degree  of  deformation  on  the  other 
depends  on  the  characteristics  of  the  steel,  but  the  general  pattern 
is  the  same. 

The  lower  temperature  limit  for  forging  of  austenite  steels  is 
thus  dictated  both  by  the  plasticity  of  the'metal  and  by  grain-uni¬ 
formity  requirements. 

Aggregates  of  enlarged  grains  are  found  in  the  most  diverse 
areas  of  austenite-steel  forgings  subjected  to  production  quality- 
control  checks.  In  wheels,  for  example,  a  coarse-grained  structure 
Is  most  frequently  observed  In  the  regions  adjoining  the  faces,  but 
it  is  also  often  encountered  in  the  inner  layers.  The  presence  of 
large,  nonuniform  grains  near  the  contact  surfaces  is  due  to  nonuni¬ 
form  deformation  and  cooling  of  the  metal  In  these  areas:  the  deforma¬ 
tion  temperature  is  often  below  the  recrystallizatlon-initiation  temp¬ 
erature,  so  that  recrystallization  takes  place  only  during  subsequent 
heat  treatment  and  large  grains  are  formed.  The  coarse-grained  struc¬ 
ture  in  the  deep  regions  of  a  forging,  whei*e  the  metal  temperature 
is  relatively  high  during  the  forging  process,  is  apparently  formed 
as  a  result  of  prolonged  holding  in  the  high-temperature  region  and 
of  selective  recrystallization.  There  is  no  heterogeneity  of  grain 
structure  when  working  recrystallization  throughout  the  <  .tire  vol¬ 
ume  of  the  component  being  deformed  takes  place  (and  is  completed) 
at  a  relatively  low  temperature. 

The  metallurgical  nature  of  high-alloy  steels  also  acts  to  pro¬ 
duce  nonuniform  recrystallization  [18] .  A  highly  contaminated  steel 
has  a  broader  range  of  critical  deformation  and  recrystallization 
usually  involves  formation  of  large  crystals  in  local  areas  of  te 
forging.  Production  of  a  unifvjrm  metal  structure  can  therefore  be 
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facilitated  by  using  high-purity  steels  with  a  minimum  content  of  non- 
metallic  Inclusions  and  other  impurities. 

The  influence  of  deformation  rate  on  working  recrystallization 
is  of  great  practical  interest.  Research  has  established  [17,  18,  19] 
that  there  is  a  substantial  difference  in  the  kinetics  of  steel  re¬ 
crystallization  at  different  deformation  rates,  especially  In  the 
region  close  to  the  .lower  limit  of  the  forging-temperature  range. 
Softening  processes  occur  with  time,  so  that  recrystallization  is  more 
complete  at  low  deformation  rates.  In  this  case,  the  critical-deforma¬ 
tion  range  is  generally  smaller,  recrystallization  begins  at  smaller 
deformations,  and  the  deformation  mechanism  is  to  a  larger  extent 
purely  a  hot  one.  Hence  it  follows  that,  with  identical  temperature 
conditions,  hammer  forging  presents  a  greater  danger  of  Incomplete 
recrystallization  and  a  mixed  deformation  mechanism  than  pressed 
forging.  In  view  of  this  pattern,  different  temperature-time  regimes 
have  been  established  for  pressed  and  hammer  deformation.  For  example, 
it  is  recommended  that  the  same  section  of  a  forging  not  be  deformed 
discontinuously  in  hammer-forging  certain  high-alloy  steels  at  rela¬ 
tively  low  temperatures  in  order  to  avoid  suppression  of  recrystalliza 
tion  processes. 

The  influence  of  deformation  rate  on  the  recrystallization  condi¬ 
tions  for  austenite  steels  Is  greatly  reduced  when  the  forging  temp¬ 
erature  is  raised;  the  recrystallization  rate  is  relatively  high  and 
the  steel  is  not  hardened  at  all  during  hot  working,  even  under  dyna¬ 
mic-deformation  conditions.  In  practice,  hammer- forging  of  austenite 
steels  is  no  less  successful  than  press-forging  at  elevated  tempera¬ 
tures.  The  substantially  more  uniform  temperature  throughout  the 
blank  cross-section,  which  is  maintained  during  deformation  as  a 
result  of  the  dynamic  action  of  the  hammer,  also  helps  make  this 
possible. 

The  grain  size  and  uniformity  in  a  finished  forging  are  dictated 
principally  by  the  thermomechanical  deformation  factors  acting  during 
the  final  operation. 

In  addition  to  the  deformation  temperature  and  degree  of  deforma¬ 
tion,  the  final  grain  size  Js  to  some  extent  affected  by  the  initial 
state  of  the  metal  [20],  but  this  effect  is  most  noticeable  at  small 
degrees  of  deformation.  The  initial  structure  ceases  to  have  any  ef¬ 
fect  on  the  final  structure  as  the  degree  of  deformation  Is  Increased: 
a  nonuniform  or  large-grained  structure  can  be  almost  completely 
eliminated  by  deformation  during  the  final  operation  and  subsequent 
recrystallizatl on. 

Heating  a  forging  from  the  final  deformation  temperature  to  the 
temperature  at  which  extensive  recrystallization  takes  place  causes 
more  uniform  structural  changes  throughout  the  forging  volume,  which 
promotes  a  decrease  in  grain  nonunl formity  [21], 

Use  of  ultrasonic  defectoscopy  before  heat  treatment  Is  frequent¬ 
ly  limited  by  the  structural  heterogeneity  of  forgings,  since  sound 
transmission  13  hampered  when  areas  with  a  coarse-grained  structure 
are  present,  the  latter  scattering  the  ultrasonic  waves  and  creating 
false  defect  pulses.  Reliable  ultrasonic  quality  control  can  be  car¬ 
ried  out  only  when  there  Is  no  interference,  In  the  form,  of  large 


unrecrystallized  grains. 

The  ultrasound  transmission  of  coarse-grained  areas  resulting 
from  incomplete  recrystalli2ation  during  forging  can  be  greatly  im¬ 
proved  by  heating  the  forgings  to  a  temperature  somewhat  above  the 
recrystallization-initiation  point  and  then  cooling  them.  The  same 
effect  can  be  achieved  by  quenching  (austenization),  provided  that 
the  heating  temperature  and  the  holding  time  at  this  temperature  do 
not  cause  selective  recrystallization. 

Poor  ultrasound  transmission  in  forgings  that  have  not  been 
heat-treated  Is  characteristic  both  of  austenite  steels  and  of  high- 
hot-strength  steels  of  other  classes,  such  as  the  high-chromium, 
hardened  martensite  steels  3M802  and  15X11M06.  There  have  been  many 
cases  in  practice  where  complete  ultrasonic  quality  control  of  forged 
disks,  rotors,  and  other  components  was  impossible  before  heat  treat¬ 
ment,  because  of  the  interference  set  up  by  regions  of  uncrystallized 
grains.  Ultrasonic  testing  before  heat  treatment  has  sometimes  led 
to  incorrect  conclusions  regarding  the  presence  of  internal  defects 
in  forgings  and  caused  improper  appraisal  of  metal  quality.  The  poor 
ultrasound  transmission  of  such  forgings  is  due  to  the  temperature 
conditions  under  which  forging  is  conducted:  as  a  result  of  the  high 
recrystallization  temperature  or  high-hot-strength  steels,  final  de¬ 
formation  at  reduced  temperatures  leads  to  incomplete  recrystalliza¬ 
tion  and  local  areas  with  a  nontransmitting  coarse-grained  structure 
developed  in  the  forging. 

Recrystallization  of  the  metal  is  completed  after  heat  treat¬ 
ment  and  ultrasound  is  transmitted  without  interference  (provided 
that  the  forging  contains  no  areas  with  an  insufficiently  deformed 
cast  structure).  For  technological  reasons,  however,  ultrasonic  de¬ 
fectoscopy  of  forgings  should  often  be  carried  out  before  heat  treat¬ 
ment.  This  is  true,  for  example,  of  seamless  forged  rotors,  wheels 
heat-treated  after  cutting,  or  components  of  the  T-Joint  and  piping 
type,  whose  irregular  shape  does  not  permi*  ultrasonic  testing  after 
heat  treatment.  As  production  experience  has  shown,  introduction  of 
a  special  thermal  operation,  i.e.,  holding  at  a  temperature  above  the 
recrystallization  temperature,  into  the  overall  cycle  of  primary  heat 
treatment  and  cooling  improves  ultrasound  transmission  in  such  cases 
and  permits  quite  reliable  ultrasonic  quality  control  of  forgings 
before  final  heat  treatment. 

8.  FORGING-TEMPERATURE  RANGES  AND  TNG0T  HEATING  REGIMES 

The  optimum  forging-temperature  range  Is  determined  by  analysis 
of  experimental  plasticity  diagrams,  which  show  the  variation  in  the 
mechanical  or  technological  properties  of  a  given  steel  as  a  function 
of  deformation  temperature.  Each  type  of  steel,  which  13  distinguished 
by  its  own  chemical  composition  and  metallurgical  and  s*  ructural  char¬ 
acteristics,  has  a  most  favorable  forging-temperature  range,  within 
which  the  metal  can  be  efficiently  deformed  and  the  requisite  foiging 
quality  obtained.  The  basic  characteristic  of  a  steel  with  respect  to 
high- temperature  plasticity  are  shown  by  appropriate  elasticity  dia¬ 
grams  but,  In  establishing  forging-temperature  regimes,  particularly 
the  maximum  heating  temperature,  It  1--  necessary  to  take  Into  account 
possible  deviations  from  the  predetermined  temperatures  under  furnace- 
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op. .'ration  condition*! ,  e .  g .  t  during  brief  overheating.  It  J r.  be.:t  for 
technical  working  specifications  to  stipulate  heating  temperatures 
somewhat  (20-'j0°C)  below  the  maximum  established  from  the  plasticity 
diagram.  This  Is  especially  Important  for  high-alloy  steels  containing 
low-melcing  elements.  For  example,  overheating  3H726  steel  o.y  10-15°C 
causes  the  metal  to  fall  during  forging,  since  it  contains  a  low- 
melting  boride  eutectic.  Moreover,  trie  plastic  properties  of  steel 
from  different  melts  (even  of  the  same  cype)  may  vary  in  accordance 
with  the  metallurgical  characteristic  of  the  production  process,  a 
factor  not  taken  into  account  by  plasticity  diagrams. 

The  heating  temperature  for  high-alloy  steels  should,  as  far  as 
poissible,  ensure  complete  solution  of  the  carbide  and  intermetallic 
compounds  in  the  solid  solution.  However,  the  efficiency  of  solution 
depends  both  on  the  temperature  and  on  the  properties  of  the  phases 
present  in  the  steel .  Some  carbides  (e.g.,  niobium  carbides)  are  very 
stable  at  forging  temperatures.  Complete  solution  of  these  compounds 
requires  heating  at  a  temperature  close  to  the  solidus  point,  which 
i3  obviously  impermissible  because  it  weakens  the  Intercrystalline 
bond.  Excessive  heating  of  austenite  steels  is  also  undesirable  be¬ 
cause  it  produces  a  coarser  grain  structure  as  a  result  of  active 
collective  recrystallization,  although  this  factor  Is  not  decisive 
if  the  metal  is  subsequently  subjected  to  effective  deformation.  The 
purity  of  the  steel  to  be  deformed  is  therefore  of  some  significance 
in  selecting  the  heating  temperature.  The  presence  of  lead,  antimcrv 
tin,  and  other  low-melting  elements  or  of  nonmetallic  inclusions 
the  grain  boundaries  reduces  to  capacity  of  a  steel  for  hot  defo.  . 
tion.  The  detrimental  effect  of  Impurities  on  steel  plasticity  car. 
reduced  by  lowering  the  temperature  at  which  forging  is  begun. 

In  some  cases,  a  heating  temperature  quite  satisfactory  from  the 
standpoint  of  metal  plasticity  must  be  adjusted  in  the  light  of  spe¬ 
cial  requirements  imposed  on  the  phase  composition  of  a  given  type  of 
steel.  This  is  particularly  true  of  X18H9T  steel,  whose  c -phase  content 
is  stipulated.  It  has  been  established  [22]  that  the  a-phase  content 
of  this  steel  is  Increased  by  hlgh-temperature  (up  to  1250°C)  pre¬ 
forging  heating.  As  a  result ,  hign-temperature  heating  is  not  re¬ 
commended  if  the  initial  melt  has  a  high  a-phase  content.  The  plas¬ 
ticity  of  a  steel  with  a  high  ferrite-phase  content  Is  greatly  re¬ 
duced  during  forging,  which  causes  discontinuities  and  cracks  to  de¬ 
velop  in  the  blank. 

The  technological  plasticity  of  an  ingot  is  always  lower  than 
that  of  a  deformed  blank.  Chemical  and  physical  inhomogeneities  in 
the  metal  are  more  severe  In  the  cast  state:  these  include  zone  and 
dendritic  liquation,  local  aggregates  of  carbides  ard  nonmetallic 
inclusions,  and  areas  of  noncompact  structure.  Deformation  compacts 
the  metal,  breaks  up  and  shifts  the  grains,  and  causes  the  brittle 
constituents  to  be  more  uniformly  distributed  throughout  the  deformed 
blank.  All  this  promotes  an  ovenul  Increase  in  metal  plasticity, 
so  that  Initial  heating  of  a  deformed  blank  can  be  carried  out  at  a 
higher  temperature  than  that  of  an  Ingot  for  certain  high-alloy  steels. 
This  relationship  between  technological  properties  and  optimum  hot- 
deformation  temperature  on  one  hand  and  the  Initial  state  of  the  me¬ 
tal  on  the  other -la  illustrated  by  the  plasticity  diagram  for  3M395 
steel  shown  In  Fig.  1.  Tire  quantity  (*io  -  H)/ha  correspond.!  to  the 


Pig.  1.  Plasticity  diagram  of 
3M395  steel  [17].  1)  Cast  steel; 
2)  deformed  steel. 


Fig.  2.  Graph  representing  variation  In  mechanical  properties  of  cer¬ 
tain  high-alloy  steels  as  a  function  of  forging  temperature  s.  a) 
'15X11M06  steel ;  b)  X18H9  steel  [22];  c)  X18M9  steel  [22];  d) 
X18M12M2T  steel ;  <*)X18h2?B2T2  steel.  1}  kgf/mm*. 
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degree  of  upsetting  deformation  before  the  first  crack  appears. 

The  large  complex  of  factors  affecting  selection  of  the  initial 
heating  temperature  for  a  steel  thus  confirms  the  need  for  ferro 
verification  of  the  optimum  temperature  established  on  the  basis  of 
plasticity  die jrams  under  actual  production  conditions,  using  several 
typical  melts  and  taking  into  account  the  initial  state  of  the  metal 
and  the  special  requirements  imposed  on  finished-forging  quality. 

There  are  different  methods  for  evaluating  metal  plasticity  at 
different  temperatures  in  order  to  construct  appropriate  diagrams . 

The  most  widely  employed  of  these  are  upset  testing  and  tensile  test¬ 
ing  at  forging  temperatures. 

Construction  of  diagrams  from  the  results  obtained  in  upsetting 
speclitu..  'Tig.  1)  corresponds  most  closely  to  free-forging  conditions. 
However  ,  it.  does  not  give  consideration  to  all  the  actual  production 
factors  involved  in  deformation.  For  example,  cracking  during  upset¬ 
ting  of  blanks  under  shop  conditions  Is  often  due  not  to  reduced  me¬ 
tal  plasticity  but  to  the  presence  of  surface  defects,  which  are 
exposed  during  deformation  or  to  additional  tensile  stresses  pro¬ 
duced  in  the  lateral  processes  by  greater  cooling  of  the  ingot  butt 
than  under  laboratory  conditions.  This  factor  must  be  taken  into  ac¬ 
count  in  using  plasticity  diagrams  constructed  from  upsetting  results. 

Tensile  testing  and  subsequent  construction  of  plasticity  dia¬ 
grams  from  the  relative  elongation  and  reduction  in  cross-sectional 
area  of  specimens  at  high  temperatures  does  not  provide  an  absolute 
characterization  of  metal  plasticity  applicable  to  production  deforma¬ 
tion  conditions,  since  the  stress  patterns  in  the  specimen  and  produc¬ 
tion  blank  usually  are  quite  different  from  one  another.  However,  such 
diagrams,  which  characterize  relative  metal  plasticity,  make  it  pos¬ 
sible  to  compare  the  behavior  of  different  types  of  steel  at  differ¬ 
ent  temperatures  and  thus  to  establish  quite  well-justified  forging- 
temperature  ranges. 

Figure  2  shows  graphs  representing  the  variation  in  the  mech¬ 
anical  properties  of  certain  high-alloy  steels  as  a  function  of 
test  temperature  . 

Typo  X18H9  steel  has  high  plasticity  at  temperatures  of  900-1250°C. 
Steel  of  this  type  but  with  titanium  added  (  1 8  9  )  has  lower  plasti¬ 
city  over  the  forgl ng- temperature  range,  especially  when  Its  a-phase 
content  is  high.  In  the  latter  case,  the  steel  has  satisfactory  plas¬ 
ticity  at  HOD- 1 200  JC .  This  Is  also  true  of  the  same  type  of  steel  with 
a  reduced  *»nt.  (OXIPmot)  and  a  relatively  high  a-phase  con- 

lent..  The  best  drformabl 1 1 ty  is  achieved  for  1X13  and  1X17H2  steels  by 
heating  them  to  l?r>0-l270°C. 


The  final  forging  temperature  for  high-alloy  steels  Is  estab¬ 
lished  from  their  plasticity  and  recryst a 1 1 J cat  Ion  diagrams,  pro¬ 
ceeding  from  the  basic  premise  that  a  reduced  forging  temperature 
should  not  lead  Is  a  sharp  drop  In  elasticity,  high  deformat  ton  re¬ 
sistance,  or  formation  of  a  heterogeneous  structure  with  different 
.■■rain  sizes.  Mmle  Irable  phase  leans  format  Ions  occur  I  n  certain  aus- 
*  eri  i  t  e  steels  when  they  are  forged  at  low  temperatures- ,  reducing  the 
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service  characteristics  of  the  forgings.  This  is  particularly  true  of 
3H572  steel,  which  tends  toward  rapid  a-phase  precipitation  over  the 
temperature  range  930-650°C.  Despite  the  adequate  metal  plasticity, 
the  final  forging  temperature  is  set  above  the  temperature  at  which 
intensive  a-phase  formation  occurs,  i.e.,  930°C,  in  such  cases.  It 
should  be  noted  that,  a3  a  result,  forgings  of  3H572  steel  are  sub¬ 
jected  to  accelerated  cooling  in  water  or  at  least  in  moving  air. 
Holding  of  the  blanks  at  temperatures  of  650-930°C  is  undesirable. 
Table  3  shows  the  forging-temperature  ranges  for  certain  high-alloy 
steels . 

In  order  to  avoid  development  of  substantial  thermal  stresses  or 
thermal  cracks,  high-alloy  steels  should  be  heated  solely  to  600- 
700°C,  since  they  have  low  thermal  conductivity.  Further  heating  to 
the  forging  temperature  differs  little  from  that  for  ordinary  alloy 
steels,  since  the  two  types  of  steel  have  almost  the  same  thermal 
conductivity  over  this  temperature  range.  The  temperature  zone  re¬ 
quiring  slow  heating  is  neglected  in  practice  for  hot  upsetting  of 
Ingots . 

The  most  important  element  of  the  preforging  heating  regime  for 
high-alloy  steels,  which  affects  deformability  and  metal  quality,  is 
holding  at  the  forging  temperature.  As  for  ordinary  steels,  the  hold¬ 
ing  time  is  governed  by  the  period  necessary  for  the  entire  ingot 
volume  to  be  heated  to  the  requisite  temperature.  The  optimum  holding 
time  at  a  given  temperature  is  also  governed  by  the  kinetics  of  the 
phase  transformations. 

TABLE  3 

Forging-Temperature  Ranges  for  Certain  High- 

Alloy  Steels 


Mtpxa 

1 

c  TtMnrpaTyp, 
Hurpfpa 
MtTlJMia,  ‘C 

3  TtHnrpaTypa 
-  KOHlia  ROM* 

(hi  »ii|,  *C 

1X13 

1260 

■  ■ 

2X13 

1220 

IXI7H2  (3H268) 

1250 

I5XI2B.M*  (3H802) 

1220 

880 

X18H9 

850 

X18H9T 

1190 

850 

3H572 

1200 

360 

3H612.  3H405 

1180 

900 

3H726 

1160 

900 

1)  Type  of  steel;  2)  maximum  heating  tempera¬ 
ture,  °C;  3)  final  forging  temperature  (not 
below),  °C. 


The  monophaslc  state  is  ',nown  to  be  most  favorable  for  deforma¬ 
tion  of  a  metal.  Homogeneous  structures  have  a  higher  plasticity  at 
forging  temperatures,  as  a  res  It  of  the  absence  of  hardening  phases 
and  the  more  uniform  deformation  of  individual  grains.  When  ingots 
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of  aJ  ioy  structural  steels  are  heated,  the  individual  structural 
components  usually  have  time  to  go  into  solid  solution  during  temp¬ 
erature  equilibration  over  the  ingot  cross-section  and  no  addition¬ 
al  holding  is  generally  required  to  convert  the  Heterogeneous  struc¬ 
ture  to  a  homogeneous  one. 

The  conditions  obtaining  for  constituent-solution  kinetics  in 
high-alloy  steels  heated  to  forging  temperatures  are  more  complex. 

The  diffusion  processes  associated  with  solution  of  the  excess  phases 
and  structural  homogenization  proceed  slowly  and  require  a  longer 
time-  High-temperature  holding  of  such  steels  should  therefore  be  of 
a  duration  sufficient  to  provide  both  complete  heating  of  the  ingot 
cross-section  and  maximum  solution  of  the  exc'*  s  structural  compon¬ 
ents  . 

When  Ingots  are  held  at  the  forging  temperature  fur  the  appro¬ 
priate  time,  the  hardening  phases,  in  the  form  of  carbides  and  in- 
termetallic  compounds,  are  partially  dissolved  and  partially  coagu¬ 
lated,  being  dispersed  throughout  the  structure  rather  than  forming 
a  compact  chain  along  the  grain  boundaries.  This  arrangement  of  the 
low-plasticity  phases  is  more  favorable  with  respect  to  plasticity 
and  deformability .  However,  ingots  and  blanks  should  not  be  held  at 
high  temperatures  for  extremely  periods,  since  certain  negative  fac¬ 
tors  also  act  in  this  case;  in  particular,  the  crystal  structure  of 
blanks  becomes  coarser  as  a  result  of  collective  recrystallization. 
This  factor  is  not  of  great  importance  for  ingots,  since,  as  a  re¬ 
sult  of  the  characteristics  of  their  cast  structure,  grain  growth 
does  not  occur  even  when  they  are  heated  to  very  hign  temperatures, 
or  for  deformed  blanks,  provided  that  heating  is  followed  by  a  high 
degree  of  forging.  However,  the  structure  and  properties  of  forgings 
deteriorate  if  deformation  after  prolonged  high-temperature  holding 
is  slight.  Moreover,  prolonged  holding  reduces  the  plasticity  of 
steel  containing  large  amounts  of  oxide  and  sulfide  impurities  [17]. 

With  respect  to  initial  heating  of  ingots  and  blanks  of  spe¬ 
cial  high-hot-strength  steels,  where  subsequent  deformation  is  rela¬ 
tively  large  and  the  sulfide  and  oxide  content  of  the  metal  is  small, 
prolonged  holding  at  forging  temperatures  not  only  increases  deform¬ 
ability  but  improves  the  structure  and  mechanical  properties  of  the 
metal  in  the  finisned  articles.  This,  has  been  verified  at  the  NPL 
with  a  large  number  of  Ingots  of  3M57?  steel  from  different  melts, 
which  were  used  for  forged  gas-turbine  wheels. 

Long-term  holdlnr  at  the  forging  temperature  has  also  been 
found  to  have  a  favorable  effect  on  the  deformation  of  other  high- 
hot-strength  alloys,  123  1.  The  technical  specifications  for  heating 
regimes  for  austenite-steel  Ingots  should  therefore  provide  the  mini¬ 
mum  holding  time  at  the  forging  temperature  that  will  give  an  excess 
of  2-3  h  ever  the  time  required  to  heat  the  entire  ingot  cross-sec¬ 
tion.  There  Is  no  danger  in  more  prolonged  holding  (up  to  6-8  h)  but 
it  is  undesirable  because  of  the  large  amount  of  scale  formed  on  the 
metal  and  for  technical-economic  reasons:  the  Increased  furnace  load 
and  fuel  consumption. 


-  jH  - 


9.  DEFORMATION  RESISTANCE  OF  CERTAIN  SPECIAL  STEELS 


High-alloy  high-hot-strength  steels  have  a  substantially  higher 
deformation  resistance  than  perlite  structural  steers;  it  usually 
increases  with  their  alloying-element  conte.it.  Austenite  steels  arc 
particularly  noteworthy  in  this  respect,  their  deformation  resistance 
being  several  times  that  of  ordinary  alloy  steels.  This  property  of 
austenite  steels  is  related  to  the  characteristics  of  the  deformation 
mechanism  in  the  forging-temperature  region:  hardening  of  the  metal 
during  forging  begins  at  relatively  high  temperatures  (900-1000°C' , 
while  ordinary  steels  undergo  slight  hardening  at  800-850°C.  Prom  the 
standpoint  both  of  production  of  a  homogeneous  crystal  structure  and 
of  deformation  resistance,  which  affect  the  efficiency  and  productiv¬ 
ity  of  the  forging  equipment,  the  final  deformation  temperature  for 
austenite  steels  should  be  considerably  higher  than  that  for  struc¬ 
tural  steels,  while  the  forging-temperature  range  should  be  narrower. 
The  power  of  the  forging  equipment  at  the  lower  limit  of  the  permis¬ 
sible  temperature  range  is  far  higher  for  deformation  of  austenite 
steels . 

TABLE  4 

Ultimate  Strength  of  Certain  Special  Steels  at 

Forging  Temperatures 
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In  addition  to  temperature,  the  deformation  resistance  in  mater¬ 
ially  affected  by  the  rate  and  degree  of  deformation.  Experimental 
investigation  of  a  broad  range  of  high-alloy  steels  [19,  22,  2b] 
has  established  that  the  deformation  resistance  of  metals  increases 
wit!)  the  deformation  rate;  this  pattern  is  maintained  at  all  tempera¬ 
tures  and  degrees  of  deformation.  Press  forging  is  therefore  more 
favorable  in  this  respect  than  hammer  forging,  in  which  the  deforma¬ 
tion  resistance  of  austenite  steels  is  by  a  factor  of  P-4. 

The  higher  dynamic-deformation  resistance  of  the  metal  Is  due  to  the 


fact  that  softening  processes  are  lean  complete  an  a  result  of  the 
slow  recry  it  tall  tzat  Ion  rate  of  high-alloy  steels  subjected  to  hot 
plastic  deformation. 

It  must  be  kept  In  mind,  however,  that  there  is  not  always  a 
noticeable  manifestation  of  this  phenomenon  when  press  and  hammer 
forging  of  a  metal  are  compared,  since  a  large  amount-  of  heat  is 
evolved  when  a  blank  Is  deformed  under  the  dynamic  action  of  a  ham¬ 
mer  and  there  is  a  substantial  rise  in  metal  temperature. 

When  identical  forgings  are  produced  with  a  press  and  a  hammer 
of  equal  power,  the  total  work  consumed  may  be  less  for  hammer  forg¬ 
ing  as  a  result  of  the  temperature  factor,  despite  the  higher  deforma¬ 
tion  resistance. 

Like  an  increase  in  deformation  rate,  a  rise  in  degree  of  deforma¬ 
tion  increases  deformation  resistance;  the  effect  of  this  factor  be¬ 
comes  stronger  as  the  alloying  of  the  steel  Increases  and  is  greatest 
in  the  lower  portion  of  the  forging-temperature  range.  A  steel  under¬ 
goes  hardening  during  both  dynamic  and  static  deformation  as  the  de¬ 
gree  of  deformation  is  increased.  The  general  mechanism  of  this  phen¬ 
omenon  is  related  to  the  combination  of  two  simultaneous  processes, 
hardening  and  recrystallization,  which  govern  the  deformation  mech¬ 
anism  and  the  extent  to  which  deformation  is  suppressed  by  softening 
processes . 

In  testing  specimens  at  small  deformation  rates,  deformation 
resistance  is  determined  from  the  yield  strength  a0.2.  Ultimate 
strength  is  often  used  in  place  of  a0.z  for  calculations,  intro¬ 
ducing  the  correction  factor  O.85-O.9O.  i.e.,  a0.2  =  0.85-0.90ab> 

Table  4  gives  the  values  of  for  certain  special  steels  at  forging 

temperatures,  taken  from  the  data  of  the  NPL  and  the  Central  Scienti¬ 
fic  Research  Institute  of  Technology  and  Machine  Building,  as  well 
as  from  the  literature  [22,  25].  A  uniform  deformation  race  is  an 
Indispensable  condition  for  comparability  of  such  data  at  high  temp¬ 
eratures  . 

The  deformation  resistance  of  a  metal  o  during  hydraulic-press 

S  1/ 

forging  is  assumed  to  equal  cr0.2i  which  is  determined  in  low-speed 
test  machines  for  the  steel  in  question.  In  hammer  forging,  the  ap¬ 
proximate  value  of  is  determined  by  taking  Into  account  the  rate 

factor  m:  =  mo,^,  where  m  can  be  assumed  to  equal  ^  (according  to 

U.l.  Cubkin). 

Among  the  additional  factors  affecting  deformation  resistance  0 
are  the  type  of  stress  pattern  during  forging  and  the  scale  factor. 

All  other  conditions  being  equal,  the  value  of  0  increases,  with  the 
hydrostatic  pressure  [2f>].  The  scale  factor  is  operative  in  the  fact 
that  the  actual  value  of  0  decreases  as  the  deformed  blank  becomes 
larger.  This,  phenomenon  Is  due  to  the  different  thermal  conditions 
ol  t-alning  during  deformation  of  a  laboratory  specimen  (In  determining 
the  main  deformation-resistance  constant  o,tJ  or  0  )  and  a  production 

blank,  since  the  surt'ace-t  o-vo  1  nine  ratios  differ.  The  amount  of  heat 
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removeu  from  the  metal  Is  greater  and  the  average  deformation  temp¬ 
erature  is  lower  for  deformation  of  a  small  specimen,  which  results 
in  an  increase  in  a0. 2  and  cfe.  In  fabricating  large  commercial  forg¬ 
ings,  the  deformation  resistance  of  the  metal  is  therefore  determined 
with  a  correction  factor  for  the  forging  scale.  Tnis  factor  ranges 
from  0.70  to  0.55  for  blanks  100-1000  mm  in  diameter  [27]. 

10.  INFLUENCE  OF  REDUCTION  IN  AREA  ON  STRUCTURE  AND  MECHANICAL  PROPER¬ 
TIES  OF  AUSTENITE-STEEL  FORGINGS 

The  reduction  in  area  is  one  of  the  most  important  factors  af¬ 
fecting  the  structure  and  mechanical  properties  of  forgings;  it  also 
influences  the  reliability  of  ultrasonic  quality  control  of  austenite 
steels  (in  connection  with  the  characteristics  of  their  recrystalliza¬ 
tion),  since  the  structural  heterogeneity  due  to  Inadequate  reduction 

TABLE  5 

Technological  Regimes  for  Forging  Experimental 

Wheels  of  3M572  Steel 
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•The  blanks  were  not  upset. 

I)  Forging  process;  2)  disk  No.;  3)  actual  size  of  blank  before  up¬ 
setting,  mm;  b)  diameter;  5)  length;  6)  size  of  forged  wheel,  mm;  7) 
height;  8)  reduction  in  area;  9)  during  drawing;  10)  during  upsetting; 

II)  billeting  along  bottom  of  ingot  container.  Trimming  of  blanks. 
Upsetting  to  final  oise;  12)  intermediate  upsetting  of  billeted  in¬ 
got.  Drawing.  Trimming  of  blanks.  Upsetting  to  final  3ize. 


is  the  principal  obstacle  to  complete  ultrasound  transmission. 

The  Influence  of  reduction  in  area  on  the  structure,  mechanical 
properties,  and  ultrasound  transmission  of  forged  wheels  of  3M572 
steel  was  Investigated  at  the  NPL. 
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Fig.  3.  Pattern  for  cutting  sections  from  experimental  wheels.  1) 

For  tangential  specimens;  2)  for  axial  specimens;  3)  for  radial  sped 
mens;  H)  for  macroscopic  examination. 
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Fig.  Mae  restructure  of  radial  sections  cut  from  wheels,  a)  No. 
1;  b)  No.  c)  No.  6;  d)  No.  7. 


The  Initial  material  consisted  of  elongated  ingots  weighing 
2.17  t  (see  Table  2).  The  technological  regimes  for  the  experiments 
(Table  5)  provided  for  forging  of  wheels  with  reductions  in  area 
of  from  1.8  to  4.5,  with  and  without  intermediate  upsetting.  In  the 
latter  case,  the  reduction  in  area  during  drawing  was  due  solely  to 
billeting  of  the  ingots  and  ranged  from  1.1  to  1.3»  depending  on  the 
location  of  the  blank.  One  of  the  blanks  was  not  upset  but  underwent 
all  the  subsequent  machining  and  test  stages  together  w.'ln  the  forged 
wheels.  All  the  experimental  forgings  were  fabricated  from  steel  of 
the  same  melt  (containing  0.30$  C,  0.55$  Si,  1.2$  Mn,  18.8$  Or, 

10.3$  Ni,  1.36$  Mo,  1.29$  W,  0.33$  Nb,  0.31$  Ti,  0.01$  S,  and  0.023$ 

P),  which  was  smelted  in  a  10-t’on  arc  furnace  with  a  basic  hearth. 

The  ingots  were  supplied  hot  to  the  press  shop,  with  a  surface 
tempera .ure  of  640-720°C,  and  subjected  to  preforging  heating  under 
a  hot-upsetting  regime.  All  the  forging  operations  were  carried  out 
in  a  press  exerting  a  force  of  2000  t,  drawing  was  conducted  in  com¬ 
posite  die  blocks  (with  the  upper  block  flat  and  the  lower  block  cut¬ 
out),  and  upsetting  was  carried  out  in  a  broad,  flat  die  block  with 
successive  deformation  of  individual  sections  of  the  ingot  butt.  Forg¬ 
ing  was  carried  out  over  the  temperature  range  Il8O-950°C,  with  a  final 
degree  of  deformation  of  no  less  than  30$.  The  forced  disks  were  cooled 
in  water. 

The  forgings  were  then  trimmed  and  subjected  to  heat  treatment 
(quenching  from  1150°C  and  aging  at  760 °C),  ultrasonic  defectoscopy, 
and  thorough  investigation  of  their  macrostructure  and  mechanical 
properties . 

Ultrasonic  testing  of  the  forgings  was  carried  out  at  a  fre¬ 
quency  of  2.5  MHz,  with  the  defectoscope  calibrated  from  a  standard 
having  an  aperture  3  mm  in  diameter.  Complete  ultrasound  transmission 
was  observed  in  wheels  Nos.  6  and  7.  No  defects  were  found  in  these 
wheels.  The  other  forgings,  which  were  produced  without  intermediate 
upsetting  of  the  ingot  to  a  reduction  of  3.0  or  less,  exhibited  no 
ultrasound  transmission  in  their  central  zones,  whose  radii  increased 
as  the  reduction  decreased.  Wheel  No.  2  was  ultrasound-transmissive 
only  within  the  Inner  half  of  Its  diameter,  while  wheel  No.  1  was 
nontransmissive  throughout  its  entire  volume. 

All  the  wheels  were  cut  in  accordance  with  the  pattern  shown 
In  Fig.  3  and  the  resultant  sections  were  used  for  macroscopic  exam¬ 
ination  and  testing  of  mechanical  properties  in  different  directions. 

The  results  of  macroscopic  examination  of  the  sections  showed 
that  wheel  No.  1  had  an  almost  undeformed  cast  structure  (Fig.  4a), 
while  wheel  No.  2,  which  was  forged  with  a  reduction  of  1.8,  was 
distinguished  by  substantial  cast-structure  areas  in  the  central 
zones  of  inhibited  deformation  near  the  contact  points  (Fig.  4b). 

The  volume  occupied  by  the  cast  structure  In  the  contact  zones  de¬ 
creased  as  the  degree  of  upsetting  increased.  Almost  t';e  entire  metal 
volume  had  a  deformed  structure  at  a  reduction  of  4.5  (Fig.  4c)  and 
only  isolated  weakly  deformed  grains  w ere  found  in  one  of  th**  contact 
areas.  No  traces  of  a  cast  structure  were  detected  in  wheel  No.  7, 
which  was  produced  with  Intermediate  upsetting  of  the  ingot  C-'lg.  4d). 


Table  6  presents  the  result:;  of  mechanical  testa  performed  on 
the  experimental  wheels  in  the  tangential,  radial,  and  axial  direc¬ 
tions.  Wheels  Nos.  L-f>  differed  principally  In  degree  of  upsetting. 

The  reduction:'-  'n  area  during  drawing  K  were  almost  the  name  in 

n 

this  group  of  wheels  and  apparently  had  no  material  Influence  on  the 
mechanical  properties  of  the  metal.  The  degree  of  upsetting  had  a 

very  marked  effect  on  plasticity,  which  rose  in  the  tangential  and 
radial  directions  as  the  value  of  K  increased.  This  pattern  was  es¬ 
pecially  pronounced  when  the  mechanical  properties  of  the  wheels  in 
the  vicinity  of  the  horizontal  axial  plane  (vertical  midline)  of  the 
forgings  were  compared.  The  plasticity  properties  6  and  \p  in  the  tan¬ 
gential  direction  were  more  than  double  those  in  the  initial  metal  at 
ho  *  1,8  and  reached  their  absolute  maximum  (35-^0%)  at  Kq  =  3-^.5- 

There  was  a  simultaneous  rise  in  impact  strength  and  only  very  slight 
changes  in  other  strength  characteristics. 

It  is  interesting  to  note  that  the  mechanical  properties  of  the 
metal  In  this  region  of  the  wheels  was  almost  completely  equilibrated 
at  reductions  of  2.0  or  more,  a  high  degree  of  homogeneity  being 
achieved  in  the  central  and  peripheral  areas.  A  similar  situation  was 
observed  for  the  mechanical  properties  of  the  wheels  in  the  radial 
direction  when  specimens  were  taken  from  the  zone  close  to  the  hori¬ 
zontal  axial  plane.  The  absolute  values  of  the  mechanical  properties 
observed  in  this  zone  In  the  radial  and  tangential  directions  were 
almost  equal  when  the  reduction  was  more  than  2.0. 

The  mechanical  properties  of  the  wheels  in  the  axial  direction 
were  distinguished  by  low  values  of  5  and  ip,  whose  absolute  magni¬ 
tudes  in  the  central  region  decreased  as  the  degree  of  upsetting  in¬ 
creased.  Since  the  variation  In  plasticity  characteristics  In  the 
axial  and  tangential  directions  in  the  central  zone  of  the  wheels 
as  a  function  of  K Q  was  reciprocal  in  character,  the  ratios  5osev/ 

/6  and  ip  /\ In  decreased  substantially  as  K  increased 

tang  rosec  Ytar:g  o 

(Fig. 5). 

The  variation  in  the  mechanical  properties  of  the  metal  as  the 
degree  of  upsetting  increased  had  a  quite  different  character  in  the 
central  zone  of  the  wheel  faces..  Here,  In  contrast  to  cite  middle  zone 
(the  region  close  to  the  hozizont.al  axial  plane),  the  plasticity 
characteristics  lrt  the  tangential  and  radial  directions,  were  marked¬ 
ly  elevated  only  at  K  *  *1.5.  At  smaller  reductions ,  the  indices  6 

and  were  equivalent  to  those  for  the  undeformed  blank  and  were 
characterized  by  large  scattering  of  val ies ,  a  feature  characteristic 
of  the  metal  in  the  cast  state. 

The  mechanical  properties,  of  the  peripheral  zone  were  rather 
high  in  the  blank  for  wheel  No.  1,  which  was  not  upset.  Plasticity 
increased  with  KQ\  the  indices  6,  ip,  and  a  wore  roughly  the  same 

in  the  face  and  central  portions  of  the  who- Is. .  This,  phenomenon  also 
occurred  at  relatively  small  degrees,  of  upsetting. 
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table  6 

Mechanical  Properties  of  Wheels  Forged  from  3M572  Steel  with  Differ¬ 
ent  Reductions  in  Area 
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~»vr  th  Intermediate  upsetting 


i)  Wheel  No.;  2)  reduction  during  drawing;  3)  degree  of  upsetting;  *1) 
specimen  direction;  5)  area  of  radius  tested;  6)  sampling  site  on 
disk  height;  7)  kgf /mm2 ;  8)  kgf*m/cm2;  9)  1st  specimen;  10)  2nd 
specimen;  11)  tangential;  12)  center;  13)  middle  third  of  radius; 

14)  periphery;  15)  1st.  face;  16)  center;  17)  2nd  face;  18)  radial; 
19)  axial. 


Pig.  5.  Variation  in  ratio  of  plasticity  characteristics  in  axial 
and  tangential  directions  in  central  zone  of  wheels  (vertical  mid¬ 
line)  as  a  function  of  degree  of  upsetting  K  .  1)  il»  ;  2) 

.  y.  o  osev  tang 

°osec/0tang* 


Fig.  6.  Variation  in  mechanical  properties  of  wheels  in  tangential 
direction  as  a  function  of  degree  of  upsetting  Kq.  a)  Central  zone; 

b)  middle  third  of  radius;  c)  periphery.  The  shaded  areas  represent 
the  scattering  of  the  mechanical  properties  of  the  disk  faces;  the 
dashed  curves  represent  the  mechanical  properties  of  the  metal  in 
the  vicinity  of  the  horizontal  axial  p?ane.  1)  kg^m/cm*;  2)  ksf/mm* . 
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The  mechanical  properties  of  the  wheel  faces  in  the  middle  third 
of  their  radius  occupied  a  position  intermediate  between  those  for  the 
central  and  peripheral  sections.  It  is  noteworthy  that  the  properties 
of  the  middle  zone  (especially  6,  i|>,  and  were  higher  in  the  central 

region  at  relatively  small  degrees  of  upsetting  (2. 0-3.0)  than  in  the 
middle  third  of  the  radius  or  at  the  periphery. 

Another  striking  phenomenon  was  the  substantial  difference  in 
metal  plasticity  in  the  two  faces  of  wheels  forged  with  a  reduction 
of  2. 0-3.0.  For  example,  the  values  of  6  and  in  the  tangential 
direction  in  a  wheel  forged  with  K  *  3*0  were  8.6  and  7.8$  for  the 

central  section  of  one  face,  while  6  =  16.0%  and  \p  =  1 3 * 636  for  the 
opposite  face.  For  the  central  third  of  the  radius  of  one  face,  6  » 

■  19.8$  and  ij>  3  20.8$;  for  the  other  face,  6  =  36.2$  and  ij>  =  31.2$. 

Figure  6  presents  graphs  representing  the  variation  in  the  mech¬ 
anical  properties  of  the  wheels  in  the  tangential  direction  as  a  func¬ 
tion  of  the  degree  of  upsetting. 

These  patterns  in  the  plasticity  indices  of  the  metal  in  dif¬ 
ferent  sections  of  wheels  produced  with  different,  degrees  of  upsetting 
are  directly  related  to  the  macrostructure  of  the  forgings  and  the 
characteristics  of  the  forging  process.  3ecan.se  of  the  nonuniform 
deformation  during  upsetting,  the  greatest  actual  reduction  in  area 
occurs  in  the  vicinity  of  the  horizontal  axial  plane  in  tne  central 
zone  of  the  forging,  while  the  smallest  reduction  occurs  near  the 
faces  in  the  central  zones,  as  a  result  of  the  inhibitory  action  of 
the  contact  surfaces.  Appropriate  experiments  have  established  that, 
when  wheels  are  forged  from  3H572  steel  with  a  total  geometric  re¬ 
duction  of  two,  the  actual  degree  of  upsetting  varies  vertically 
through  the  central  section,  ranging  from  1.05  near  the  faces  to 
6.5  in  the  vicinity  of  the  horizontal  axial  plane. 

Even  at  a  very  small  degree  of  upsetting,  i.e.,  a  small  ratio 
of  initial-blank  height  to  wheel  height,  the  middle  zone  of  the  forg¬ 
ing  thus  undergoes  very  efficient  mechanical  working.  The  macrostruc¬ 
ture  of  this  section  therefore  contains  no  traces  of  the  cast  struc¬ 
ture  and  the  grains  are  radially  oriented.  On  the  other  hand,  the 
macrostructure  of  the  metal  near  the  facer,  is  characterized  by  almost 
undeformed  crystals,  which  is  reflected  in  the  reduced  plasticity  .f 
these  areas.  As  we  move  farther  from  the  center  of  the  forging,  the 
difference  In  the  macrostructures  of  the  face  and  middle  sections  de¬ 
creases,  so  that  their  mechanical  properties  become  more  similar.  As 
the  average  degree  of  upsetting  increases,  there  la  a  rise  in  the  ac¬ 
tual  reduction  in  area  near  the  faces  and  a  simultaneous  improvement 
In  plasticity. 

Assuming  the  acceptable  values  of  6  and  for  the  central  zone 
of  a  wheel  to  be  20-25$,  the  investigation  described  above  gives  us 
grounds  for  stating  that  the  minimum  necessary  degree  of  upsetting 
for  wheels  of  the  type  under  consideration  Is  about  *1-5.  However, 
taking  into  account  the  vertical  deformation  distribution  through 
the  forging  and  comparing  the  mechanical  properties  obtained  in  test¬ 
ing  the  middle  zones  with  the  actual  reductions  in  these  areas,  it 
must  be  assumed  that  the  highest  metal  plasticity  lri  the  central  re¬ 
gion  Is  achieved  with  an  actual  degree  of  upsetting  of  6. 0-8.0. 
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The  difference  In  the  mechanical  properties  of  the  metal  near 
the  two  faces  of  a  wheel  is  due  t<  the  nonuniform  deformation  of 
these  areas  during  upsetting.  The  blanks  were  deformed  with  the  die 
block  on  the  lower  plate;  the  face  of  the  blank  was  deformed  in 
Individual  sections  rather  than  as  a  whole,  which  promoted  better 
working  of  the  metal.  The  opposite  (lower)  face  of  the  blank,  which 
was  in  contact  with  the  plate,  was  less  highly  worked,  as  a  result 
of  the  greater  deceleratory  action  of  the  contact  surface,  and  was 
found  to  have  lower  plasticity  indices  during  mechanical  testing. 

Hence  it  follows  that  the  best  plasticity  indices  are  obtained  for 
the  faces  of  a  wheel  when  blanks  are  upset  without  a  pressure  plate, 
individual  sections  being  clamped  against  a  die  block  or  other  forg¬ 
ing  tool. 

A  wheel  forged  to  a  reduction  of  2.0  after  preliminary  drawing 
of  the  ingot  (Table  6,  wheel  No.  7)  had  relatively  high  mechanical 
properties  in  the  tangential  and  radial  directions  throughout  the 
entire  forging  volume.  Comparison  of  this  wheel  with  others  forged 
to  different  reductions  without  preliminary  upsetting  of  the  ingot 
shows  that  its  mechanical  properties  and  their  uniformity  were  equiva¬ 
lent  to  those  of  wheel  No.  6  (produced  with  a  degree  of  upsetting 
of  *1.5)  and  markedly  exceeded  those  of  wheel  No.  3  (produced  with 
a  degree  of  upsetting  of  2.0).  The  principal  advantage  of  wheel  No. 

7  lay  in  the  higher  metal  plasticity  in  the  face  zone.  The  mechani¬ 
cal  properties  of  this  wheel  in  the  axial  direction  were  roughly  the 
same  as  those  of  wheel  No.  3. 

The  positive  effect  of  intermediate  upsetting  of  the  ingot  on 
the  mechanical  properties  of  the  forgings  was  confirmed  by  their 
macrostructure  (Pig.  4d).  Intensive  drawing  of  the  upset  block  re¬ 
sulted  in  effective  working  of  the  entire  volume  of  metal  and  no 
large  cast  grains  were  found  even  near  the  wheel  faces,  i.e.,  in 
the  zones  of  impeded  deformation,  as  occurred  in  wheel  No.  3*  This 
explains  the  higher  plasticity  in  the  face  areas  of  wheel  No.  J. 

The  technological  processes  employed  in  forging  wheels  should 
therefore  Include  intermediate  upsetting  of  the  ingots  In  all  cases 
where  a  relatively  high  degree  of  upsetting  cannot  be  aenieved  for 
austenite-steel  blanks  and  special  measures  cannot  be  taken  to  greatly 
reduce  the  extent  of  the  inhibition  zone.  The  importance  of  this 
technological  factor  increases  as  the  D/H  ratio  of  the  wheel  decreases 

Selection  of  the  optimum  reduction  in  area  for  austenite-steel 
forgings  of  the  cast  type  is  also  technologically  important.  Investi¬ 
gation  of  forgings  of  this  type  produced  fron.  X18h9T  steel  with  draw¬ 
ing  reductions  K  »  1.5-^  and  without  intermediate  upsetting  of  the 

Ingots  (which  weighed  3.8  t  and  had  an  u/d  ratio  of  2.08  and  a  taper 
of  6.0*11)  showed  the  following  pattern  in  the  variation  of  mechanical 
properties  at  normal  temperatures  [28]:  strength  remained  almost  un¬ 
changed  In  both  the  longitudinal  and  transverse  directions  as  the 
reduction  was  increased,  while  plasticity  in  long l ' udlnal  specimens 
rose  markedly  until  *  2,5  was  reached  and  remained  almost  unchanged 

at  higher  values  of  K  .  Plasticity  In  transverse  specimens  was  almost 

constant  below  Kfi  »  2.5  and  decreased  slightly  when  this  factor  was 


further  increased.  The  macrostructure  of  the  metal  was  coarse-grained 
and  not  destroyed  by  forging  at  K «  1.5,  while  it  was  medium-grained 

and  had  a  radial  orientation  at  Kn  *  2.5  and  fine-grained  at  ■  4. 

The  forgings  were  ultrasound-transmissive  (at  a  frequency  of  2.5  MHz) 
only  with  a  reduction  of  4.0. 

Forgings  produced  from  X18h9T  steel  with  the  same  drawing  reduc¬ 
tions  but  with  intermediate  upsetting  of  the  ingot  were  distinguished 
by  higher  (by  10-301)  plasticity  indices  in  the  transverse  direction 
and  somewhat  lower  (by  5-10)8)  indices  in  the  longitudinal  direction. 
Intermediate  upsetting  reduced  the  anisotropy  of  mechanical  properties 
in  the  forged  shafts,  especially  at  small  reductions.  Experiments 
conducted  on  forgings  of  X18H9T  steel  also  showed  intermediate  upset¬ 
ting  of  the  ingots  to  have  a  favorable  effect  on  the  structure  and 
ultrasound  transmission  of  the  metal.  The  structure  was  fine-grained 
and  uniform  even  at  K  •  1.5  and  no  scattering  of  ultrasound  was  ob¬ 
served. 

Similar  work  has  been  conducted  with  3tf405  steel  [17].  Stepped 
shafts  were  forged  from  ingots  weighing  1.6  t  under  regimes  that 
provided  for  different  reductions  (from  2.0  to  10.0),  the  ingot  being 
subjected  to  one  or  two  Intermediate  upsettings  or  to  none.  It  was 
found  that  the  strength  indices  in  the  longitudinal  direction  re¬ 
mained  almost  unchanged  as  the  reduction  was  increased,  while  the 
plasticity  characteristics  rose  rapidly  as  the  reduction  was  increased 
to  4.0  and  only  very  slightly  when  it  was  further  raisef. 

Mechanical  tests  in  the  tangential  direction  established  that 
the  mechanical  properties  of  forgings  produced  with  intermediate  up¬ 
setting  were  more  uniform.  Metallographic  examination  of  the  same 
forgings  revealed  no  elongated  carbide  inclusions,  which  are  charac¬ 
teristic  of  forgings  produced  without  intermediate  upsetting. 

The  research  conducted  at  the  NPL  on  the  relationship  between 
the  structure  and  mechanical  properties  of  austenite  steel  and  the 
reduction  io  which  they  are  subjected  and  other  investigations  in 
this  area  thus  indicates  that  deformation  In  alternate  directions 
during  fabrication  of  shaft  and  wheel  forgings  has  a  positive  effect. 
The  influence  of  this  factor  increases  with  ingot  weight.  In  some 
cases,  as  when  a  large  wheel  has  an  unfavorable  shape  (a  large  H/D 
ratio),  effective  working  of  the  metal,  good  ultrasound  transmission, 
and  the  requisite  properties  in  a  given  direction  can  be  obtained 
only  by  one  or  more  intermediate  upsettings.  The  reduction  after 
intermediate  upsetting  can  be  limited  to  3. 0-4.0  for  3haft  forgings 
(depending  on  ingot  weight)  and  to  2. 0-3.0  for  wheel  forgings.  The 
reduction  must  be  increased  by  a  factor  of  1.5-2  when  intermediate 
upsetting  is  not  employed. 


Chapter  4 


INFLUENCE  OF  FORMING  CONDITIONS  ON  SPECIAL-STEEL  DEFORMABILITY 
AND  FORGING  QUALITY 

Most  high-alloy  steels,  especially  those  of  the  austenite  class, 
have  low  reserve  plasticity,  which  is  manifested  in  poor  ingot  de- 
formability  and  affects  the  physical  state,  structural  compactness, 
and  macrostructural  homogeneity  of  the  finished  forgings.  Such  phen¬ 
omena  as  the  welding  up  of  axial  defects  in  the  ingot,  which  i3  of 
prime  importance  for  some  groups  of  forgings,  are  directly  related 
to  the  plasticity  of  the  metal. 

11.  ANALYSIS  OF  BASIC  TECHNOLOGICAL  OPERATIONS  IN  FORMING  AND  SPECIAL 
FORGING  PROCEDURES  FOR  HIGH-ALLOY  STEELS 

The  plasticity  of  an  ingot  depends  to  a  large  extent  on  its 
surface  quality,  since  superficial  metallurgical  defects  serve  as 
stress  concentrators  and  foci  of  metal  failure  during  deformation. 
Moreover,  superficial  defects,  In  the  form  of  erosion-crack  networks, 
cavities,  impurities,  blisters,  and  so  forth  are  more  highly  developed 
In  ingots  of  low-plasticity  high-alloy  steels.  The  work  that  has  been 
done  on  Improving  the  surface  quality  of  ingots  merits  serious  atten¬ 
tion. 

Solution  of  many  of  the  technological  problems  involved  in 
forging  is  associated  with  ingot  surface  quality.  Among  the  most 
important  of  these  1.3  the  practical  feasibility  of  hot  delivery  of 
ingots  or  heating  before  the  first  withdrawal.  Actually,  when  ingots 
of  high-alloy  steel  with  a  low  reserve  plasticity  contain  large  su¬ 
perficial  defec they  cannot  be  fully  reduced  without  preliminary 
trimming,  removal  of  local  flaws  in  the  metal,  or  other  types  of  ad¬ 
justment  in  order  to  avoid  failure  during  the  first  few  reductions. 

Preliminary  trimming  of  the  Ingot,  has  a  very  great  effect  In 
Increasing  the  technological  plasticity  of  low-deformability  steels. 
Experience  In  forging  austenite  steel  has  established  that  mechanical 
removal  of  surface  defects  results  in  a  metal  plasticity  such  that 
the  ingots  can  be  deformed  as  well  as  ordinary  structural  steel  In 
many  cases. 

Figure  ?  shows  two  smooth  for.'°d  wi.ee Is  fabricated  from  billeted 
Ingots  of  3M57?  steel,  one  of  which  was  completely  trimmed  and  the 
other  trimmed  over  half  its  height,  oth  ingots  had  relatively  poorly 
developed  surface  defects.  The  Ingot  with  half  Its  surface  unt rimmed 
was  upset,  quite  satisfactorily,  without  deep  propagation  of  cracks 
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Fig.  7.  Forged  wheels  of  3M572  steel  fabricated  from  billeted  ingot, 
completely  trimmed  (upper  wheel)  and  trimmed  for  half  of  height 
( lower  wheel) . 


or  tears.  However,  ther  was  still  an  obvious  difference  in  the  sur¬ 
face  state  of  the  wheels:  trimming  greatly  reduced  the  number  and 
depth  of  the  defects,  which  permitted  a  decrease  in  the  number  of 
passes  required  to  give  the  forgings  the  characteristics  provided 
for  ordinary-steel  forgings  by  the  GOST.  In  other  cases,  where  the 
character  of  the  surfac  defects  in  the  Ingots  is  less  favorable, 
failure  of  the  metal  during  forging  can  be  avoided  only  by  including 
a  trimming  operation,  e  ••ecially  when  the  technological  process  in¬ 
volves  upsetting. 

Trimming  of  multifaceted  Ingots  requires  Installation  of  spe¬ 
cial  lathe  equipment,  so  that  the  billeted  blanks  are  often  trimmed 
instead  of  the  ingots.  Billeting  carrried  out  under  appropriate  temp¬ 
eratures  and  deformation  conditions  usually  does  not  lead  to  notice¬ 
able  development  of'surface  defects  and  permits  ordinary  lathes  to 
be  used  for  intermediate  trimming  of  the  blanks. 

Whether  or  not  trimming  of  the  ingots  or  billets  is  necessary 
and  expedient  is  determined  by  the  physical  nature  of  the  steel  to 
be  deformed  and  technical-economic  considerations.  Trimming  is 
obligatory  in  forging  low-deformability  steels,  whose  low  reserve 
plasticity  makes  It  Impossible  to  forge  them  without  removing  the 
surface  defects  from  the  ingots,  even  when  substantial  tolerances 
are  left  for  machining  and  the  forging  deformation  regime  during  the 
basic  forming  operation  is  favorable.  In  all  other  cases,  trimming 
is  best  if  it  conforms  to  economic  production  principles. 

The  main  economic  advantage  of  such  a  technology  lies  In  the 
greater  reliability  of  the  forging  process,  i.e.,  the  relatively 
smaller  number  of  forgings  rejected  for  cracks  and  other  surface 
defects  and  the  possibility  of  a  substantial  reduction  in  forging 
tolerances  and  allowances,  bringing  them  close  to  the  norms  estab¬ 
lished  for  similar  forgings  fabricated  from  ordinary  structural 
steels.  The  tolerance  problem  becomes  especially  Important  in  con¬ 
nection  with  the  introduction  of  automatic  devices  of  the  CBIT-ll 
type  [T9]  in  many  presses,  since  these  greatly  increase  forging  pre¬ 
cision  and  hence  reduce  machining  tolerances.  However,  use  ol  such 
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devices  for  forgings  of  high-alloy,  low-tie formab  11 1  ty  steels  makes 
sense  only  when  the  Ingots  or  blanks  are  preliminarily  trimmed. 
Economical  forging  shapes  can  also  be  introduced  under  such  condi¬ 
tions,  using  power-hammer  dies  and  other  forging  attachments,  which 
results  in  a  substantial  reduction  in  allowances  and  forging  weight. 

However,  use  of  trimmed  ingots  or  intermediate  blanks  is  com¬ 
plicated  by  the  need  for  additional  cooling  of  the  ingots  in  the 
furnace  (or  even  for  special  heat  treatment),  repeated  heating  of 
the  cold  blanks,  and  prolongation  of  the  technological  cycle.  Addi¬ 
tional  heat  treatment  Is  required  both  for  forgings  of  martensite 
special  steels  (3M802,  1X17H2,  etc.)  and  for  forgings  of  certain 
austenite  steels,  e.g.,  X18H22B2T2.  The  experience  of  the  Neva  Mach¬ 
ine  Building  Plant  [NPL](H3J1)  has  established  t'  at  cooling  of  such 
steels  in  molds  leads  to  development  of  shrinkage  defects  in  the  in¬ 
gots  and  unsatisfactory  forging  quality.  Air-cooling  of  billeted 
blanks  causes  detrimental  phenomena,  since  the  metal  Is  only  slightly 
deformed. 

The  expenditures  associated  with  the  loss  of  metal  during  trim¬ 
ming  and  the  labor  consumed  in  lathing  is  usually  compensated  for 
by  savings  In  tolerances  and  in  machining  of  the  finished  forgings. 
Different  technological  processes  for  forging  identical  components 
(with  and  without  trimming  of  the  billeted  blanks)  were  compared 
at  the  NPL.  It  was  found  that  the  weight  of  the  initial  ingots  was 
almost  constant:  the  amount  of  metal  removed  in  the  form  of  scrap 
during  trimming  was  roughly  equal  to  the  amount  that  went  for  the 
Increase  In  tolerances  required  by  forging  of  crude  blanks.  The  total 
labor  consumed  in  lathing  (taking  Into  account  the  trimming  of  the 
billet)  on  one  hand  and  the  decrease  in  tolerances  and  al'owanccs 
In  the  forgings  produced  from  clean  blanks  on  the  other  were  some¬ 
what  less  for  trimmed  blanks. 

Use  of  trimmed  blanks  is  thus  economical  in  many  cases  from  the 
standpoint  of  metal  consumption  and  total  lathe  load.  Among  other  fac¬ 
tors,  it  is  necessary  to  take  into  account  the  specificity  of  the 
concrete  production  conditions:  forging  shape  and  production  tech¬ 
nology,  the  surface  state  of  the  cast  ingots,  the  production  scale 
for  forgings  of  low-deformab 1 llty  steels,  and  the  load  on  the  pre¬ 
heating  and  heat-treatment  furnaces .  For  example,  the  following  pat¬ 
tern  of  operations  has  been  found  suitable  for  conditions  at  the 
NPL:  only  a  limited  number  of  b  tanks  >>'  X18HJ2B2T2,  OXlSHlOT,  and 
other  low-deformab  i  1.  i  ty  austenite  steels  that  are  to  be  upset  with 
a  high  degree  of  deformation  during  forging  are  generally  trimmed. 

In  Individual  cases,  when  the  ingot  surface  Is  satisfactory,  the 
blanks  are  trimmed  after  drawing  of  the  upset  workpiece  rather  than 
after  billeting,  provided  that  the  forging  orooess  includes  inter¬ 
mediate  upsetting  of  the  ingot.  This  sequence  of  operations  Is  em¬ 
ployed,  for  example,  for  forged  wheels  of  3M'>72  steel  formed  in 
power-hammer  dies.  The  purpose  of  trimming  the  blank  after  the  last, 
forging  operation  (upsetting  !ti  the  power-hammer  die)  is  to  e reate 
the  most  favorable  condit  ion-  for  product  ion  of  forgings-  with  mini¬ 
mum  tolerances. 
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examples,  of  the  to  It  ranees  employed  at  the  NPL.  for 
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Billeting  of  the  ingot  is  of  material  importance  in  forging  in¬ 
gots  of  low-deformability  steel.  Special  emphasis  must  be  laid  on 
this  factor,  since  some  forgirig-preosing  operations  omit  billeting 
in  fabricating  many  types  of  forgings,  not  evaluating  the  nature  and 
characteristics  of  the  specific  type  of  steel  or  the  metallurgical 
characteristics  of  the  ingot  and  not  running  reliable  practical  trials 
of  a  new  process. 

The  feasibility  of  forging  ingots  without  billeting  depends  on 
the  metal  plasticity,  which  is  characterized  by  the  type  of  steel 
and  the  surface  state  of  the  ingot.  Practice  has  shown  that  billeting 
can  be  omitted  for  many  structural  steels,  provided  that  the  ingot 
surface  contains  no  large  cast-structure  defects.  For  example,  up¬ 
setting  without  billeting  has  been  successfully  employed  at  the  NPL 
for  ingots  of  *10,  3^XM,  3**XH3M,  and  certain  other  steels  weighing  up 
to  12-’r'  t.  However,  deformation  of  ingots  of  certain  melts  cast  un¬ 
der  les.  favorable  conditions  and  having  larger  superficial  metal¬ 
lurgical  defects  during  upsetting  without  billeting  caused  forma- 
f'on  of  deep  tears;  similar  ingots  subjected  to  preliminary  billet¬ 
ing  were  upset  without  producing  visible  defects.  Reliable  results 
were  obtained  on  a  large  scale  only  after  production  of  ingots  with 
a  relatively  stable  surface  quality  had  been  mastered. 

An  attempt  to  upset  unbilleted  Ingots  of  high-alloy  X18H9T, 

3M572,  and  other  steels  was  substantially  less  successful.  Even 
selective  upsetting  of  ingots  cast  with  magnesium  and  having  a  com¬ 
parative  xj  clean  surface  yielded  unreliable  results:  a  substantial 
portion  of  the  upset  workpieces  exhibited  a  larger  than  normal  number 
of  tears. 

This  type  of  behavior  on  the  part  of  superficial  defects  dur¬ 
ing  upsetting  cf  unbilleted  ingots  of  high-alloy  steels  is  due  to 
the  strong  influence  exerted  by  the  stress  concentrators  present  In 
all  low-plasticity  steels.  In  addition  to  defects  in  the  Ingot  that 
coincided  with  the  upsetting  direction,  transverse  defects  also 
characteristically  served  as  fool  of  metal  failure,  expanding  and 
disrupting  the  continuity  of  the  metal. 

Experimental  investigations  of  ingot  billeting  under  laboratory 
and  production  conditions  [30]  have  shown  that  this  process,  which 
creates  a  sheet  of  deformed  metal  at  the  ingot  surface,  substantially 
Increases  the  plasticity  of  the  outer  zone,  especially  at  forging 
temperatures.  Tills  Is  basically  responsible  for  the  less  expensive 
uevelopment  of  superficial  defects  during  upsetting  of  billeted  in¬ 
gots  of  low-deformablllty  steel. 

It  follows  from  the  data  given  above  that  omission  of  billet¬ 
ing  for  ingots  of  „igh-alloy  low-plasticity  steels  greatly  increases 
the  probability  of  metal  failure  during  forging  and  13  unwise  until 
Ingot  quality  has  been  radically  improved.  Elimination  of  billeting 
during  forging  of  medium-alloy  steels  can  be  recommended  only  after 
Ingots  of  stable  quality  have  been  developed  and  the  new  process  has 
been  subjected  to  thorough  practical  testing  with  production  batches 
of  forgings. 
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Ingot,  drawing  is  one  of  the  main  operations  in  forging,  being 
of  fundamental,  importance  for  austenite-steel  forgings  of  the  shaft 
type  and  for  components  in  disk  form,  as  a  result  of  the  special 
characteristics  of  the  behavior  of  such  steels  during  upsetting. 
Production  practice  has  established  that  large  austenite-steel  wheels 
cannot  be  reliably  fabricated  by  normal  forging  techniques  without 
preliminary  drawing  of  the  Ingot  or  upset  workpiece,  during  which 
the  cast  structure  undergoes  an  extremely  rapid  transition  to  the  de¬ 
formed  structure  and  shrinkage  defects  in  the  ingot  are  effectively 
welded  up. 

However,  drawing  can  have  a  positive  effect  only  wnen  deforma¬ 
tion  conditions  are  favorable,  i.e.,  when  the  entire  volume  of  metal 
is  directly  subjected  to  multilateral  nonuniform  compression  and 
substantial  tensile  stresses  do  not  develop  in  the  blank.  This  con¬ 
dition  Is  also  the  main  prerequisite  for  failure-free  deformation 
of  low-plasticity  steels. 

Among  the  technological  parameters  responsible  for  a  favorable 
stress  pattern  in  the  metal  during  drawing,  we  should  note  the  shape 
of  the  die  blocks,  the  relative  feed,  and  the  reduction  regime  dur¬ 
ing  the  press  stroke  or  hammer  blow. 

A  flat  die  block  is  simplest  and  best  for  drawing  ingots  of 
special  steels  having  relatively  low  reserve  plasticity.  Drawing 
is  carried  out  on  the  square-square  or,  even  better,  square-rectangle- 
square  pattern.  This  provides  the  greatest  depth  of  deformation 
through  the  ingot  cross-section  and  creates  favorable  conditions 
for  vigorous  working  of  the  central  zone  of  i.-t  ingot.  The  effec¬ 
tiveness  of  this  drawing  pattern  has  been  con4”  rmeu  by  much  re¬ 
search  and  pi  eduction  experience.  Specifically,  investigation  of 
the  maarostructure  of  two  blanks  of  austenite  chromium-nickel-man¬ 
ganese  steel  forged  from  identical  ingots  with  the  same  reduction 
ratio  (K  *  2.7)  but  different  drawing  regimes  showed  that  remnants 
of  the  cast  structure  and  concomitant  porosity  were  present  in  the 
center  of  the  blank  forged  In  shaped  die  blocks  on  a  round-round 
pattern;  the  blank  forged  on  flat  die  blocks  by  a  square-rectangle 
pattern  exhibited  a  compact  deformed  structure  throughout  its  en¬ 
tire  cross-section  [17].  The  square-rectangle-square  pattern  is 
employed  both  for  forging  that  arc  to  undergo  final  forming  by  draw¬ 
ing  and  for  certain  critical  components  of  the  wheel  type,  for  which 
drawing  precedes  upsetting.  In  such  cases,  the  shift  from  a  square 
to  a  circle  is  effected  with  a  minimum  cross-section  ratio.  Drawing 
in  flat  die  blocks  is  widely  employed  particularly  in  forging  rotor- 
and  large  wheels  of  high-hot-strength  steels  of  the  perlite  and  mar¬ 
tensite  class?*  (P2M,  3M802,  etc.).  A  similar  ..‘gime  has  been  suc¬ 
cessfully  employed  at  the  NPL  for  forging  large  shafts  from  1X17H2 
steel. 

Flat  die  blocks  are  completely  unsuitable  for  drawing  on  a 
c  1  re  le-cl  re  le  pattern  or  for  shifting  fro-  \  quart'  to  a  circle, 
since  transverse  tensile  stresses  develop  in  the  blank,  especially 
it.  small  degrees  of  reduction,  and  the  shrinkage  defects  in  the 
metal  are  not  welded  up  but  ex*  nd  still  farther;  new  internal  foci 
of  metal  faihua  not  assoc t at  ot  wl’h  defects  in  the  ingots  may  do¬ 
ve  lop . 


A  cori.  ired  drawing  pattern  with  flat  die  blocks  cannot  he  used 
for  low-defomabili ty  steels  (orinclpally  those  cf  the  austenite 
class}  because  of  the  low  teormo logical  plasticity  of  the  metal  and 
the  entire  drawing  process,  from  the  Initial  to  the  final  cross-sec¬ 
tion,  Is  carried  out  on  a  circle-circle  pattern.  Die  blocks  with  a 
shape  profile  are  e^iloyed  in  such  cases.  The  most  favorable  profile 
is  cne  that  provides  contact  with  the  blank  over  the  maximum  peri¬ 
meter  of  its  cross-section.  This  factor  is  most  effective  fro*  the 
standpoint  of  the  stress -deformation  regime:  the  pressure  applied  to 
the  blank  by  the  die  block  and  directed  perpendicular  to  the  cont act¬ 
ing  surfaces  causes  development  of  compressive  stresses,  provides 
•ore  or  less  aultllatcral  compression,  and  creates  the  most  favor¬ 
able  conditions  for  deformation  of  the  inner  regions  of  the  ingot 
and  a  simultaneous  Increase  in  the  total  reserve  plasticity  of  the 
steel. 

The  best  die-bleck  shapes  in  this  sense  are  notched  or  rhombic. 
However,  their  design  (angle  of  blank  entry,  apical  radius  of  curva¬ 
ture,  and  ratio  of  die-block  radius  tc  blank  radius)  is  of  isaterial 
importance.  The  optimum  regime  Is  one  in  which  the  die-block  radius 
equals  the  blank  radius,  but,  since  this  impossible  In  practice, 
such  blocks  being  suitable  for  forging  blanks  of  only  one  size  at 
best,  a  mini rue  productively  feasible  range  of  blank  diameters  has 
been  established  for  notched  and  rhombic  die  blocks  with  a  definite 
radius  or  entry  angle.  The  technological  series  of  diameters  was  es¬ 
tablished  from  the  condition  A  >  ft.  (Pig.  8a),  with  a  restriction 
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imposed  on  the  maximum  blank  radius.  Tne  variant  in  which  R  <  2V  is 

z  b 

unfavorable  (Fig.  8b).  At  worse,  this  variant  approximates  tc  drawing 
of  round  blanks  in  flat  die  blocks.^ 

Composite'  die  bio  "ks  (with  the  upper  block  flat  and  the  lower 
notched  or  rhonfeie)  arc-  often  used  in  practice.  Such  blocks  are 
convenient  in  production  terms  but  substantially  less  effective 
than  notched  or  rhombic  blocks  from  the  standpoint  of  the  stress 
pattern  in  the  blank.  Drawing  blanks  of  high-alloy  steels  with  low 
reserve  plasticity  in  composite  blocks  often  leads,  to  cracking. 

Such  blocks  are  also  less  effective  with  respect  to  welding  up  of 
internal  defects.  These  characteristics  of  the  stress  pattei-n  in 
low-plasticity  steels  during  drawing  in  die  blocks  of  different 
shapes  were  specifically  confirmed  by  Ye.P.  Unksev,  whc  .*udied 
the  stress  distribution  during  drawing  cf  shafts  by  the  optical- 
polarization  method  [31]. 


Pig.  8.  Diagram  of  reduction  of  round  blank  with  notched  die  block: 

a)  R  >  R.  ;  b)  at  R  <  R.  ;  R  Is  the  blank  radius  and  R.  is  the  die- 
zb  zb  z  b 

block  radius. 
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Fig.  9.  Notched  rhombic  die  block  with  chamfer  for  forging  press 
exerting  pressure  of  3000  t  [33]:  a)  Upper  block;  b)  insert  for 
lever  block. 


The  angle  at  which  rhcnbic  blocks  are  cut  away  is  usually  90- 
I10c,  but  the  optimum  Mock-shape  parameter  requires  refinement. 
Experimental  work  conducted  in  this  are2  in  recent  years  has  led 
tc  the  conclusion  that  the  cutaway  angle  is  obviously  test  estab¬ 
lished  in  accordance  with  the  character  or  the  technological  opera¬ 
tion  to  be  performed  (billeting,  drawing,  or  smoothing),  since 
specific  stress-de formation  conditions  are  operative  in  each  case. 

In  drawing  low-deformabi lity  steels,  creation  of  the  optimum 
deformation  pattern  during  the  initial  period  of  forging,  when  the 
cast  steel  has  its  lowest  reserve  plasticity,  is  especially  impor¬ 
tant  It  Is  during  the  first  few  tines  that  the  die  block  is  pressed 
against  the  ingot  surface  that  tears  and  cracks  appear  in  the  metal, 
then  >ften  leading  to  complete  failure.  Slight  reduction  of  the  in¬ 
got  markedly  increases  the  plasticity  of  the  metal  and  permits  sub¬ 
sequent  drawing  of  the  blank  to  be  carried  out  under  conditions  that 
are  les  ;  favorable  in  terms  of  stress  pattern  but  technologically 
setter.  For  example,  after  an  ingot  is  removed  from  the  press  after 
its  initial  reduction  in  notched  blocks,  shifting  to  composite 
i locks  or  even  to  forging  on  a  circle-square-circle  pattern  is  per- 
r.J.ssitle  In  many  cases.  Special  attention  should  therefore  oe  pail 
to  the  initial  re-due'  on  operation  ard  the  die  block  and  prepara¬ 
tory  procedures  should  be  selected  accordingly.  The  results  of  work 
conducted  by  L.V.  Pros.orov  [30]  indicate  the  significance  of  the 
plastic  sheath  formed  on  the  ingot  as  a  result  of  the  initial  deforma¬ 
tion  for  subsequent  forging-forming  conditions.  Fabrication  of  forg¬ 
ings  from  ingots  with  an  extrem-'ly  low  r-serve  plasticity,  which  made 
it  impossible  to  force  them  •/i,h  die  blocks  of  any  shape,  was-  carried 
cut  by  forcing  ■ hem  through  special  feeders  in  which  the  primary  cast 
structure  was  deformed  by  nonuniform  multilateral  compression.  Re¬ 
duction  of  the  ingots  by  8-10?  permitted  subsequent  forging  without 
any  serious  difficulties. 

In  forging  low-plasticity  steels,  transverse  cracks  are  prefer¬ 
entially  formed  where  the  deformed  portion  of  the  Ingot  passes  into 
the  undeformed  portion.  The  smaller  the  radius  of  die-block  curva¬ 
ture  (given  the  same  degree  of  reduction),  the  greater  are  the  ten- 
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oil*  .tresses  that  arise  In  this  area  and  the  mere  rapidly  do  trans¬ 
verse  cracks  de  velop.  A  pattern  of  this  type  is  cons  latently  ob¬ 
served  in  forcing  high-alloy  steels.  As  a  result,  the  die  blocks  must 
be  fabricated  Kith  larger  radii  of  curvature  in  the  areas  where  the 
lateral  surfa  :e  passes  Into  the  working  surface  (up  to  SO- 100  am) 
and  the  block  must  cove*’  the  region  where  the  unde formed  portion  of 
the  blank  passes  Into  the  deformed  portion  during  each  reduction. 

The  tensile  stresses  tr.at  develop  in  the  transition  areas  (as 
a  result  of  elongation)  can  to  some  extent  be  compensated  for  by  com¬ 
pressive  stresses  produced  by  reduction  of  the  transition  zone  with 
a  enamfered  die  block  (Pig.  9).  Experimental  Investigations  In  th*-s 
area  and  work  carried  out  under  production  conditions  [33]  has  yield¬ 
ed  positive  results:  cracking  was  substantially  reduced  during  ferg- 
ir.j-  of  low-plasticity  steel  ingots.  The  best  results  were  obtained 
when  the  blanks  were  reduced  with  die  blocks  having  a  taper  angle  of 

■>,a  c 

The  relative  feed  l/h  (where  l  is  the  feed  and  h  is  the  blank 
thickness  within  the  geometric  focus  of  deformation  during  a  given 
press  stroke  or  hammer  l.cv)  plays  a  large  role  In  creating  a  favor¬ 
able  stress  pattern  during  drawing  of  Ing'ts. 

As  numerous  theoretical  and  experimental  studies  [315  and  others] 
:  ive  shewn,  the  value  of  l/h  affects  the  uniformity  of  reduction 
over  the  blank  thickness;  the  nonuni forsnity  of  reduction  increases 
as  the  relative  feed  decreases.  As  a  result,  longitudinal  tensile 
stresses  act  in  the  central  zone  of  the  blank  when  l/h  is  low,  not 
only  falling  to  promote  welding  up  of  axial  defects  in  the  ingots 
but  actually  creating  conditions  for  enlargement  of  defects  and  even 
fer  formation  of  transverse  cracks  ir.  weakened  areas  of  the  blank. 

The  metal  is  in  this  state  when  l/h  <  0.5.  3oth  tensile  and  longitud¬ 
inal  compressive  stresses  are  operative  In  the  central  portion  of 
the  blank  cross-section  at  l/h  >0.5  and  the  possibility  of  effec¬ 
tive  working  of  the  metal  in  the  central  zone  Is  greatly  Increased. 
However,  the  maximum  value  of  l/h  should  be  limited  to  0. 8-1.0, 
since  transverse  tensile  stresses  are  dominant  in  the  blank  at  l/h  > 

>  1  and.  In  forging  low-plasticity  steels,  can  lead  to  formation  of 
longitudinal  axial  cracks  and  surface  defects.  The  optimum  value  of 
l/h  for  drawing  Is  therefore  0.8  >  l/h  >  0.5.  It  Is  important  to 
satisfy  this  condition  both  during  drawing  in  flat  or  composite 
blocks  or  when  notched  blocks  are  used,  i.e.,  when  the  deformation 
pattern  Is  most  favorable. 

The  Influence  of  the  l/h  ratio  has  been  widely  checked  under 
production  conditions,  particularly  in  forging  rotors  and  wheels 
from  high-hot-strength  steels.  In  most  cases,  switching  to  broad 
die  blocks  and  large  feeds  led  to  an  increase  in  forging  quality. 

The  mechanical  deformation  pattern  during  drawing  is  also 
affected  by  the  reauction,  i.e.,  the  degree  of  deformation  per 
press  stroke  or  hammer  blow.  This  technological  factor,  which  has 
no  material  effect  on  the  stress  and  deformation  distribution  during 
drawing  of  blanks  with  a  square  or  rectangular  cross-section  in  flat 
die  blocks,  greatly  alters  the  stress-deformatior.  pat’  arn  of  the  me¬ 
tal  during  drawing  of  round  blanks  in  flat  or  notched  blocks  [35]. 
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An  increase  in  the  relative  reduction  iengt.-ion.  tue  contact  ilu*.- 
between  the  die  block  and  blank  perimeter,  which  pronot*  a  deer-a  ■ 
In  the  tensile  stresses  in  the  center  of  the  blank  and  may  e  en  con¬ 
vert  them  to  compressive  stresses,  t.e.,  produce  a  more  f-avorab  1*» 
stresr.-deforraation  pattern. 

The  depth  to  which  deformation  extends  Increases  with  the 
redaction.  This  factor  is  responsible  for  one  of  the  main  functions 
of  drawing:  increasing  the  density  of  the  metal  in  the  central  zone 
and  welding  up  axial  defects  in  the  ingot,  which  is  possible  only 
If  the  deformation  extends  to  the  center  of  the  blanx,  l.e.,  through 
i  t s  er.t  1  re  th i  cknes s  . 

Small  reductions  cause  the  flow  In  the  cuter  layers  of  the 
neta?  to  lead  that  in  the  inner  layers  when  forging  steels,  especial¬ 
ly  those  with  high  alloying-element  content.  This  is  manifested  in 
craters  formed  on  the  butt  surfaces  of  the  blank,  their  presence  In¬ 
dicating  Ineffective  working  of  the  deep  region.  Coupled  with  other 
detrimental  factors,  cratering  causes  Increased  metal  consumption, 
a  higher  labor  consumption  in  forging  (since,  in  some  cases.  It  is 
necessary  to  smooth  the  butts),  and  occasional  appearance  of  con¬ 
strictions  and  surface  cracks  in  the  finished  forgings.  It  should  be 
noted  ir>  passing  r.r.as  formation  of  butt  craters  during  drawing  of 
upset  clocks  can  to  some  extent  be  prevented  by  use  of  spherical 
plates  during  upsetting  of  the  ingots.  The  convex  face  of  the  block 
compensates  for  the  preferential  metal  flow  In  the  outer  regions  and 
promotes  smoothing  of  the  blank  butt  during  the  final  drawing  opera¬ 
tions  . 

The  relative  reduction  during  drawing  therefore  ought  to  be 
as  large  as  possible.  Its  maximum  value  should,  be  limited  princi¬ 
pally  by  a  single  factor:  the  reserve  technological  plasticity  of 
the  steel. 

Use  c'  large  reductions  lor  special  steels  of  the  perlite 
class  usually  presents  no  particular  difficulties.  Some  problems 
a>~e  encountered  with  Icw-deformabili  ty  steels.  For  relatively  uni¬ 
form  metal  flow  in  the  outer  and  Inner  layers  of  a  blank  of  dia¬ 
meter  d  during  drawing,  the  reduction  during  a  single  press  or 
hammer  stroke  should  be  no  less  than  0.08-0. id  with  a  die-block 
width  of  no  less  than  0.6-0.8d  [32].  In  practice,  some  austenite 
steels,  such  as  X18H22B2T2  and  X23H18,  can  undergo  a  relative  per- 
pass  reduction  of  no  more  than  O.O’j-O.OSd  (during  drawing  in  com¬ 
posite  blocks).  In  such  cases,  it  is  especially  important  to  create 
conditions  for  increased  steel  plasticity  by  preliminary  trimming 
of  the  ingot,  use  of  the  optimum  die-block  shape  and  elevated 
forging  temperatures,  and  employment  of  other  measures  that  permit 
an  increase  in  permissible  reduction  during  drawing. 

Increased  reductions  have  a  varying  final  Influence  on  the 
quality  of  forgings  for  components  with  different  shapes  and  dif¬ 
ferent  degre  s  of  criticality.  Thus,  this  problem  is  not.  as  funda¬ 
mental  for  forgings  of  the  wheel  type  or  other  hoilow  components 
as  for  rotors  or  wheels  without  holes,  in  which  effective  working 
of  the  central  region  of  the  blank  during  drawing  of  the  upset 
block  is  the  principal  prerequisite  for  high  component  quality. 
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Pig.  10.  Graph  showing  distribution  of  actual  degrees  of  deformation 
e  over  height  of  axial  zone  of  specimen  of  3K572  austenite  steel 
after  upsetting  to  half  its  height  (data  from  Central  Scientific 
Research  Institute  of  Technology  and  Machine  Building).  1)  Distance 
from  butts,  mm. 


The-  permissible  per-pass  degree  of  deformation  established  at 
the  NPL  for  drawing  of  round  articles  Vin  rhombic  and  composite  die 
block?  is  15-20*  for  2X13,  1X1?H2,  3M302,  and  XI8H9  steel,  10-12? 

x13hi2M2T ,  ar.d  3My72  steel,  anu  5-8?  for  X23H18  and 
xioH^vBeTB  steel.  The  relative  reduction  is  reduced  by  a  factor  of 
about  two  in  drawing  square  blanks  in  flat  die  blocks.  Similar* de¬ 
grees  of  deformation  are  employed  at  the  Urals  Macnine-Buildinii 
Plant  [36].  b 

Upsetting  is  widely  employed  in  forging  production,  serving 
as  an  auxiliary  operation  to  ensure  the  required  reduction  ratio 
during  subsequent  drawing  of  the  upset  blank  and  as  the  main  forming 
operation  in  fabricating  forgings  of  the  wheel  type. 

Forging  occurs  with  normal form  metal  flow  over  the  blank  thick¬ 
ness,  a  consequence  of  the  varying  deformation  resistance  that  is 
produced  mainly  by  the  influence  of  the  frictional  forces  at  the 
surfaces  where  the  metal  comes  into  contact  with  the  deforming  tool 
(die  block,  plate,  or  punch).  The  nonuniformity  of  deformation  re¬ 
sults  from  the  fact  that  metal  movement  in  the  radial  direction  in 
the  regions  adjoining  the  contact  surfaces  lags  behind  deformation 
in  sections  far  from  the  butts,  so  that  the  lateral  surface  of  the 
blank  is  distorted:  it  changes  from  rectilinear  to  curvilinear  and 
comes  to  resemble  a  barrel.  The  larger  the  frictional  forces,  the 
greater  Is  the  inhibition  of  radial  metal  flow  in  the  butt  regions 
and  the  more  barrel-like  the  blank  becomes. 

The  Inhibition  surfaces  in  the  contact  planes  are  bases  of 
segment-like  zones  of  impeded  deformation  (inhibition  zones),  within 
which  minimum  metal  flow  occurs.  The  metal  lying  between  the  zones  of 
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‘fn? '  I(  1  ‘-rmat  i-u,  rapidly  dt*  formed ,  .!  luce  contact  friction 

lo.-.  nil  art  on  It.  The  peripheral  zone  of  the  blank,  along  the 
•urv.-  and  In  adjoining  regions,  undergoes  mostly  tangential  deforma¬ 
tion.  It  l:.  In  this  area  that  the  greatest  tensile  stresses  develop, 
-'a us  ’  ng  cracking  at  the  curved  surface  durino-  upsetting  of  low- 
plan  tl  city  steels  [37]. 


Figure  10  is  a  graph  representing  the  distribution  of  the  ac¬ 
tual  degrees  of  deformation  over  the  height  of  the  axial  zoi.e  of  a 
specimen  of  3H57?  austenite  steel  after  upsetting  to  half  its 
height  (with  a  reduction  ratio  of  2.0).  The  graph  was  plotted  from 
the  change  in  the  thread  pitch  of  a  screw  inserted  into  the  speci¬ 
men.  The  temperature  to  which  the  specimen  was  heated  before  upset¬ 
ting  was  1200°C.  It  can  be  seen  from  the  diagram  that  the  actual  de¬ 
gree  of  deformation  was  3-8?  near  the  contact  surfaces  and  about 
85?  in  the  vicinity  of  the  horizontal  axial  plane.  This  curve,  ob¬ 
tained  for  .an  experimental  specimen,  also  characterizes  the  general 
trend  f  the  phenomenon  during  upsetting  of  production  blanks. 

The  presence  of  zones  of  impeded  deformation  during  upsetting 
an  -xtremely  important -'factor,  making  the  fabrication  of  wheel 
forgings  from  low-deformability  steels  a  complex  process.  Actually, 
•••emnanis  of  the  undeformed  cast  structure  are  detected  In  wheel 
faces  even  when  a  billeted  austenite-steel  ingot  is  upset  ^  or  5 
times ,  this  being  completely  impermissible  in  cases  where  these  areas 
f  the  mot^i  are  not  removed  during  subsequent  machining.  The  metal 
In  the  poorly  deformed  areas  of  the  wheel  near  the  faces  have  a  sub¬ 
stantially  lower  plasticity  than  that  in  zones  far  from  the  faces, 
parti  cularly  that  in  the  viciniiry  of  the  horizontal  axial  plane, 

■.-.'here  metal  flow  is  most  rapid.  The  Influence  of  zones  of  Impeded 
deformation  on  the  mechanical  properties  of  different  areas  of 
wheels  was  shown  in  Chapter  3  for  forgings  of  3M572  austenite  steel. 

It  is  important  in  practice  to  determine  the  factors  exerting 
the  greatest  Influence  on  the  size  of  the  zones  of  Impeded  deforma- 
’ ! on  and  the  feasibility  of  reducing  the  size  of  these  zones  through 
the  action  of  technological  factors.  Any  conditions  that  reduce  the 
contact  frictional  forces  simultaneously  promote  a  decrease  In  the 
size  of  the  zones  of  Impeded  deformation.  The  following  factors  have 
been  found  to  be  instrumental  In  reducing  friction  during  hot  upset¬ 
ting:  the  surface  state  of  the  working  tool  and  the  contact  surfaces 
of  the  blank,  the  lubrication  employed,  and  the  deformation  tempera¬ 
ture  and  rate. 


A  decrease  in  the  surface  roughness  of  the  pressure  tool  marked¬ 
ly  reduces  the  coefficient  of  friction  u,  although  there  has  as  yet 
been  no  quantitative  evaluation  of  y  as  a  function  of  the  surface- 
finish  class  of  the  tool.  The  Importance  of  this  factor  is  confirmed 
by  the  anisotropy  of  friction,  l.e.,  the  difference  in  deformation 
parallel  to  and  perpendicular  to  the  working  direction.  I'.M.  Pavlov 
[38]  established  that  the  coefficient  of  friction  in  the  working 
direction  i3  approximately  20?  less,  even  when  the. tool  is  subjected 
to  double  grinding  and  a  lubricant  Is  used.  The  anisotropy  of  fric¬ 
tion  Is  considerably  greater  during  upsetting  with  a  tool  having  a 
coarse-ground  surface  and  no  lubricarit,  while  the  elliptical  shape 
of  an  upset  cylindrical  blank  becomes  quite  pronounced  as  a  result 
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of  t.v  greater  Inhibition  of  metal  flow  perpendicular  to  the  working 
direction.  Beads  of  metal,  notches,  ar.d  other  defects  formed  on  the 
working  surfaces  of  the  die  blocks  and  plate  during  operation  have 
a  strong  influence  on  the  value  of  y.  Use  of  a  working  tool  with  a 
clean,  smooch  working  surface  is  a  necessary  condition  for  increased 
uniformity  of  deformation. 

T'he  physicochemical  state  of  the  blank  surface  also  has  a  con¬ 
siderable  effect  cn  the  value  of  u:  the  presence  of  oxide  films  and 
especially  of  scale  increases  y. 

Use  of  a  lubricant  greatly  reduces  the  coefficient  of  friction 
during  upsetting.  Lubrication  is  regarded  as  an  almost  obligatory 
condition  for  successful  upsetting  during  forging  of  high-alloy  high- 
hot-strength  steels. 

The  change  In  coefficient  of  friction  is  not  strictly  related 
to  that  in  deformation  temperature  and  is  sometimes  opposite  in 
direction.  All  the  same,  the  experimental  work  and  observations  of 
Ye.P.  Unksov  [31]  have  established  the  following  relationship  (for 
any  metal):  the  coefficient  of  friction  increases  with  rising  de¬ 
formation  temperature  (which  Unksov  attributes  to  scale  formation), 
reaches  a  maximum  in  the  vicinity  of  600-800°C,  and  then  begins  to 
decrease  to  its  initial  level  (as  a  result  of  the  substantial  in¬ 
crease  in  plasticity). 

One  of  the  main  factors  responsible  for  the  impeded  deformation 
ir.  the  areas  adjoining  the  contact  zone  is  the  tendency  of  the  metal 
to  shrink  from  contact  with  the  cold  tool;  preliminary  heating  of 
the  die  blocks  and  plates  (to  350-i<00oC),  which  ensures  less  rapid 
cooling  of  the  faces,  therefore  promotes  a  decrease  in  contact  fric¬ 
tion. 

The  coefficient  of  friction  decreases  as  the  deformation  rate 
increases,  which  is  due  principally  to  a  reduction  in  the  contraction 
of  the  metal  adjoining  the  contact  region.  The  coefficient  of  fric¬ 
tion  is  therefore  lower  during  hammer  upsetting  than  during  press 
upsetting. 

The  development  of  zones  of  impeded  deformation  during  upset¬ 
ting  Is  directly  related  to  the  ratio  of  the  initial  blank  diameter 
to  the  blank  height:  the  size  of  the  Inhibition  zone  decreases  as 
D/H  increases.  Under  production  conditions,  this  is  manifested  in 
an  increase  in  homogeneity  of  macrostructure  and  mechanical  proper¬ 
ties  over  the  radius  of  forged  wheels  as  their  diameter  is  increased 
or  their  height  is  reduced. 

The  technological  difficulties  associated  with  formation  of 
inhibition  zones  in  wheels  affect  principally  austenite-steel  forg¬ 
ings,  as  a  result  of  their  thermomechanical  characteristics.  The 
high  degrees  of  upsetting  required  to  convert  the  cast  structure  to 
a  deformed  structure  necessitate  rapid  drawing  (before  the  final 
upsetting  operation),  even  for  wheels  of  relatively  small  size. 
Preliminary  drawing  is  also  sometimes  employed  in  cases  where  it 
is  not  favorable  from  the  standpoint  of  coincidence  between  the 
fiber  direction  and  the  direction  of  the  main  working  stresses  in 


the  component  ,  in  order  to  avoid  Ui"  .'till  more  dot  rimentn  3  eff--ri. 
of  a  central  zone  that  undcrnoe:-.  only  slight  do  format  Ion  during  up¬ 
setting  and  of  the  presence  ol‘  remnant.-  of  tin.-  cart  cruet, ure . 

In  this  sense,  the  Intermediate  operations  involved  in  upset¬ 
ting  (ingot  drawing  in  forging  austenite-steel  wheels)  are  very- 
critical  operations,  often  determining  the  ultimate  success  of  forg¬ 
ing. 

The  main  condition  for-  positive  results  in  drawing  and  upset 
billet  is  preparation  of  the  workpiece  itself  during  upsetting  of 
the  ingot,  v,  ich  is  important  not  so  much  for  its  immediate  influ¬ 
ence  in  working  the  metal  as  for  its  role  in  the  effectiveness  of 
subsequent  drawing.  Inadequate  or  nonuniform  heating,  a  high  H/D  ra¬ 
tio  in  the  billeted  ingot,  inadequate  press  force,  forging  with  un¬ 
justifiably  small  reductions,  upsetting  with  die  blocks  rather  than 
plates,  improper  aperture  diameter  in  the  upsetting  plate,  and  other 
factors  that  can  to  some  extent  distort  the  billet  shape  are  imper¬ 
missible.  The  minimum  billet  diameter  through  any  cross-section 
should  ensure  that  a  given  reduction  ratio  (usually  no  less  than  2) 
and  an  appropriately  worked  structure  are  obtained  during  subse¬ 
quent  drawing.  For  examde,  upsetting  often  ingot  Into  a  "wine  glass" 
shape,  as  often  occurs  in  practice,  usually  leads  to  an  impermissibly 
small  degree  of  working  for  the  metal  In  the  constricted  portion  of 
the  billet.  Production  experience  has  established  that  this  is  one 
of  the  causes  of  the  traces  of  cast  or  poorly  deformed  structure  and 
reduced  mechanical  properties  sometimes  observed  in  wheels.  An  over¬ 
ly  large  aperture  in  the  upsetting  plate  sometimes  also  causes  poor 
working  of  the  metal  in  the  shank  (the  portion  of  the  ingot  under 
the  shrink  head).  It  has  been  established  that  the  zone  of  impeded 
deformation  becomes  larger  [35]  and  the  entire  upsetting  process 
takes  place  under  less  favorable  conditions  as  the  aperture  diameter 
increases . 

In  hammer- forging  small  wheels  from  light  Ingots,  where  inter¬ 
mediate  upsetting  is  practically  Impossible,  the  wheels  must  be 
formed  either  from  a  blank  reduced  with  a  reduction  ratio  of  no  less 
than  2.0  or  from  a  billeted  ingot  with  a  relatively  high  degree  of 
upsetting  (no  less  than  4-5).  The  latter  process  is  usually  employed 
only  when  the  D/ll  ratio  is  large  (no  less  than  6-8),  in  which  case 
the  metal  in  the  central  zone  is  effectively  worked. 

The  recommendations  made  above  are  for  forged  wheels  without 
axial  apertures.  The  upsetting  requirement  can  be  somewhat:  less 
stringent  for  components  with  central  bores  or  more  favorable  con¬ 
figurations  (rings),  depending  on  the  amount  of  metal  removed  from 
the  central  zone  during  broaching  or  boring  and  the  subsequent  de¬ 
formation  to  which  the  blank  is  to  be  subjected  (rolling,  etc.). 

In  some  cases,  the  forging  procedure  can  be  simplified  by  omitting 
the  intermediate  upsetting  of  the  ingot,  and  reducing  the  degree  of 
deformation  during  the  final  upsetting,. 

Achievement  of  as  uniform  a  metal  dt?  format,  ion  as  possible 
during  upsetting  of  hIg.h--.lloy  steels.  Is  Important  from  the  stand¬ 
point.  both  of  effective  work  I  rig  of  the  cast  structure  and  of  the 
effect,  of  i-icrys  ?  a  I  1  1  s.ut  I  processes  and  fiber  texture-  In  wheels. 


As  the  nonuni f ormity  of  metal  flow  during  upsetting  Increases, 
there  Is  a  rise  In  the  probability  that  the  steel  will  recrystallize 
(in  individual  areas  of  the  wheel)  at  critical  degrees  of  deforma¬ 
tion,  a  process  accompanied  by  impermissibly  large  grain  growth. 

This  phenomenon  is  often  observed  when  commercial  forgings  are  sec¬ 
tioned  and  examined.  At  tre  same  time,  the  fibers  formed  in  the  cen¬ 
tral  zone  of  the  wheel  during  drawing  of  the  ingot  or  upset  billet 
have  an  unfavorable  arrangement  with  respect  to  the  direction  of  the 
working  stresses.  The  greatest  stresses  in  wheels  under  operating 
conditions  usually  develop  in  the  tangential  and  radial  directions. 
The  preferential  fiber  arrangement  in  the  axial  direction  that  oc¬ 
curs  in  the  central  areas  of  a  wheel  near  the  contact  zones  when 
deformation  is  markedly  nonuniform  during  upsetting  therefore  reduces 
the  service  life  and  reliability  of  the  component. 

One  very  effective  way  to  increase  the  uniformity  of  metal 
flow  during  upsetting  is  use  of  various  technological  lubricants. 
Thick  greases  or  pastes  containing  machine  oil  and  graphite  and 
mixtures  of  molten  glass  with  graphite  yield  satisfactory  results. 

For  convenience  of  Industrial  use,  the  lubricant  is  applied  uniformly 
to  previously  prepared  cardboard  or  asbestos  liners  on  the  lower  up¬ 
setting  plate  and  the  upper  face  of  the  blank  to  be  upset.  Powdered 
glass  or  glass  wool  are  also  employed  in  upsetting  austenite  steels, 
simultaneous  serving  as  heat  insulation  between  the  metal  and  tool 
as  a  result  of  their  low  thermal  conductivity  [17]. 

The  experience  of  the  NPL  in  forging  3H572  steel  blanks  with 
and  without  lubricants  has  demonstrated  the  undoubted  advantages 
of  the  former  procedure.  In  practice,  these  are  manifested  in  a 
substantial  increase  in  metal  plasticity  when  tangential  specimens 
from  forged  wheels  are  tested.  In  many  cases,  use  of  lubricants 
is  cf  fundamental  importance  in  switching  to  stamping  of 'austenite- 
steel  wheels  in  power-hammer  dies.  At  the  NPL,  switching  from  prod¬ 
uction  of  large  wheels  from  3H572  steel  by  free  forging  to  stamping, 
which  permits  an  increase  in  complexity  of  component  shape  but  en¬ 
tails  a  substantial  reduction  in  weight,  proved  possible  only  when 
an  effective  lubricant  was  employed;  in  addition  to  increasing  the 
uniformity  of  deformation,  lubrication  promoted  a  decrease  in  de¬ 
formation  resistance  and  Letter  filling  of  the  die. 

It  should  be  noted  that  exertion  of  lateral  pressure  on  the 
walls  of  the  forging  tool  (e.g.,  a  die)  yields  a  les.  severe  stress 
pattern  and  an  increase  in  the  technological  plasticity  of  the  steel. 
In  general,  maximum  limitation  of  the  free  surface  of  the  forging 
to  be  deformed  and  use  of  closed  or  semiclosed  forging  techniques 
promotes  an  Increase  in  rnetal  plasticity.  Deformation  in  the  pres¬ 
ence  of  lateral  pressure  improves  the  macrostructure,  micros truc- 
ture,  and  mechanical  properties  of  the  metal  (provided  that  the 
required  reduction  ratio  Is  acnieved)  [19]. 

In  some  cases,  special  procedures  can  be  employed  to  favorably 
alter  the  stress  pattern  in  forging  wheels  from  low-def ormabi 1 Ity 
high-hot-strength  steels.  For  example,  use  of  hot  liners  of  soft 
cast  steel  and  paired  upsetting  of  the  blanks  can  be  very  effective. 

Upsetting  of  blanks  enclosed  lri  plast  ic  liners  on  both  faces 
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cause:  forced  radial  flow  uf  the  metal  in  the  arena  of  the  blank 
near-  the  contact  zones.  The  action  mechanism  of  a  plastic  layer 
between  the  faces  of  the  blank  and  the  die  blocks  139]  consists  in 
tiie  following:  the  plastic  liner,  filling  unevennesses  In  the  con¬ 
tact  surfaces  and  being  displaced  In  the  radial  direction  at  stress¬ 
es  below  the  yield  strength  of  the  blank,  is  deformed  by  trlaxial 
compression.  As  a  result  of  the  grabbing  of  the  contact  surfaces, 
a  varying  triaxiax  stress  pattern  is  set  up  in  the  faces  of  the 
blank,  promoting  deformation  of  those  areas.  Since  the  faces  also 
cool  more  slowly  because  of  the  hot  liners,  the  regions  near  the 
contact  zone  are  substantially  less  strongly  decelerated  and  their 
plasticity  is  increased.  The  prinel-pal  condition  for  forced  metal 
flow  near  the  faces  is  that  the  liner  material  have  a  lower  yield 
strength  than  the  blank  material  at  the  forging  temperature.  This 
can  be  achieved  by  selecting  an  appropriate  liner  material  and  pro¬ 
per  heating  conditions.  It  is  best  to  heat  the  lin^ars  together 
with  the  blanks  and  supply  them  to  the  press  in  the  form  or  a  stack. 
In  order  to  avoid  rapid  cooling.  The  liner  thickness  is  usually 
equivalent  to  0.07-0.12  times  the  blank  thickness,  depending  on 
the  D/ll  ratio.  Smaller  liner  thicknesses  correspond  to  lower  values 
of  D/ll  [32]. 

Experience  in  the  practical  application  of  this  method  for 
forging  wheels  from  hlgh-hot-strength  austenite  steel  [40]  has 
shown  its  reliability  and  technical-economic  feasi'  lity:  use  of 
liners  permitted  a  large  decrease  in  the  total  reduction  ratio  ne¬ 
cessary  to  convert  the  oa,-t  st’  ucture  to  a  deformed  one  and  thus 
made  it  possible  to  shorten  the  forging  cycle  in  comparison  with 
the  usual  technological  process  by  omitting  drawing. 

In  paired  upsetting  of  wheels,  the  zone  of  impeded  deformation 
encompasses  the  metal  in  only  the  one  face  of  each  blank  in  contact 
witn  plate  or  block  surface;  the  opposite  faces  of  the  blanks,  which 
are  In  contact  with  one  another,  lie  in  the  zone  of  maximum  deforma¬ 
tion,  like  the  horizontal  plane  of  an  upset  monolithic  blank.  By 
turning  the  wheels  during  upsetting  (after  heating)  so  that  differ¬ 
ent  sides  are  opposed,  relatively  uniform  upsetting  can  be  achieved 
for  both  wheels.  Moreover,  paired  upsetting  of  wheels  reduces  the 
press  force  required.  ./ 

It  Is  also  possible  to  reduce  the  size  of  the  zone  of  impeded 
deformation  and  Increase  the  plasticity  of  the  steel  by  using 
conical  die  blocks  or  arbors  during  the  first  stage  of  upsetting. 

Upsetting  of  blanks  between  two  cones  promotes  greater  homo¬ 
geneity  of  the  deformation  pattern  and  a  more  uniform  stress  dis¬ 
tribution.  When  the  angle  of  taper  is  equal  to  or  close  to  the  fric¬ 
tion  angle,  i.e.,  tan  a  *  p,  upsetting  becomes  relatively  more  uni¬ 
form  and  the  stress  pattern  becomes  approximately  linear,  as  opposed 
to  the  volumetric  pattern  observed  during  ordinary  upsetting. 

Special  bands  are  sometimes  use::  in  upsetting  low-deformability 
steels.  Essentially,  this  process  consists  in  placing  a  band  of 
limited  height  fabricated  from  a  plastic  metal  around  the  blank  and 
upsetting  the  two  to  the  required  siz:.  The  metal  in  the  band,  which 
resists  any  Increase  in  diameter,  exei-to  c  lateral  pressure  on  the 
blank  at  the  sites  of  maximum  tensile  stresses,  thus  promoting  a 
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more  !  ivorable  patten,  of  deformation  by  nonuniform  multilateral 
compression,  wnich  hampers  formation  of  radial  cracks.  The  lateral 
pressure  is  set  up  oy  the  different  temperatures  to  which  the  blank„*-~ 
and  band  are  heated,  thus  giving  them  different  yield  strengths  in 
the  heated  state  (lower  for  the  blank).  Use  of  bands  markedly  in¬ 
creases  the  plasticity  of  steel.  The  band  is  generally  removed  with 
a  press  after  upsetting,  knocking  out  the  blank.  Any  metal  that  builds 
up  on  the  faces  of  the  band  are  removed  mechanically. 

12.  INFLUENCE  OF  DEFORMATION  PATTERN  AND  RE6IME  ON  WELDING  UP  OF 

SHRINKAGE  DEFECTS  IN  INGOT  AND  FORMATION  OF  INTERNAL  DEFECTS 

IN  METAL  DURING  F0RGIN6 

The  possibility  of  welding  up  metallurgical  defects  in  an  in¬ 
got  during  production  of  forgings  (especially  large  ones)  from  spe¬ 
cial  steels  is  directly  related  to  the  aforementioned  stress  patterns 
and  tho  ways  in  which  they  develop  in  the  metal  during  forging. 

In  most  cases,  internal  defects  in  the  ingots  (shrinkage  pores 
In  the  axial  zone  and,  sometimes,  networks  of  fine  axial  cracks) 
develop  during  crystallisation.  One  characteristic  of  such  defects 
(discontinuities  in  the  metal)  is  their  contamination  with  liquates 
and  nonmetalllc  inclusions,  whose  presence  ha&pera  or  even  prevents 
welding  up  of  the  metal  during  forging.  The  purity  of  the  melted  me¬ 
tal  is  thus  often  the  decisive  factor  in  successful  welding  up  of 
Internal  defects  in  the  ingot,  this  being  particularly  true  of  com¬ 
plex-alloyed  steels.  A  second  condition  for  the  metal  contact  re¬ 
quired  for  welding  is  isolation  of  the  defects  in  compact  metal, 
so  that  their  surface  is  not  oxidized  by  atmospheric  air  or  furnace 
gases .  The  arrangement  of  axial  defects  in  an  ingot  is  usually  fav¬ 
orable  in  this  respect:  they  are  generally  separated  from  the  shrink¬ 
age  cavity  by  the  "bridge"  below  the  shrink  head,  i.e.,  by  a  layer 
of  compact  metal. 

Ingots  also  sometimes  contain  internal  defects  produced  by 
thermal  factors  rather  than  by  shrinkage:  these  take  the  form  of 
transverse  tears  and  can  be  welded  up  during  forging  if  they  do  not 
extend  very  deeply  in  the  radial  direction.  Such  tears,  which  are 
most  often  encountered  in  ingots  of  monophaslo  (particularly  austen¬ 
ite)  and  high-chromium  martensite  steels,  are  produced  by  uneven 
cooling  of  the  ingot.  A  characteristic  example  is  the  cooling  of 
ingots  during  hot  delivery  to  the  forging-pressing  shop  (at  tempera¬ 
tures  of  up  to  300-*»00°C). 

Determination  of  the  mechanisms  by  which  internal  discontinui-"”*" 
ties  in  the  metal  are  closed  and  then  welded  up  during  various 
forging  operations  is  of  great  practical  Interest. 

Drawing  is  known  to  be  the  most  effective  operation  in  terms 
of  welding  up  of  Internal  defects.  With  optimum  deformation  regimes 
that  produce  no  internal  tensile  stresses  and  favorable  forging 
temperatures,  welding  up  of  axial  defects  in  plaltlO-tteel  Ingots 
takes  place  at  a  relatively  small  reduction  ratio.  Experimental  work 
and  the  practical  experience  of  this  HfrL  indicate  that  severe  shrink¬ 
age  defects  in  an  ingot  of  9MN15  perlite  steel  are  completely  welded 
up  at  a  reduction  ratio  of  1.5-1. 7.  These  data  are  for  ingots  weigh¬ 
ing  up  to  3-5  t;  the  experience  of  the  Urals  Machine  Building  Plant 
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welding  up  of  Internal  defects  in  large  f urging, 
a  diameter)  of  34XH2M  ateei  is  of  inter  .at  with 
of  greater  weigh1  [4l],  Periscopic  examination 
..tune  1  of  a  rotor  revealed  a  large  number  of  longi- 
of  the  crack  type  arrayed  in  a  barrel-shaped  re- 
d lame  ter.  In  all  cases,  subsequent  drawing  of  the 
irbon-steel  rod  was  pressed  into  the  channel  before 
multistage  forging  oh  a  circle-circle  pattern  with 
s  of  2.8  and  3.8  and  on  a  circle-plate-circle  pattern 
welding  up  of  the  defects. 


Voiding  ur  of  defects  was  also  investigated  during  drawing  of 
3 steel  ingot  weighing  19*5  t .  A  transverse  section  was  cut 
he  center  of  the  blank  after  drawing  with  a  reduction  ratio 
i.5;  its  surface  exhibited  numerous  cracks  ranging  from  2  to  1 C 
length .  half  of  the  previously  produced  blank  was  later  drawn 
,  .'.ulti.it:;- go  forging  with  reduction  ratios  of  1.5*  2.5*  4.0, 

:  G.  Careful  ultrasonic  monitoring  and  macroscopic  investiga- 
>f  sections  showed  no  defects  In  any  of  the  forging  stages, 
u:; ,  drawing  of  a  large  chromium-riickel-molybdenum  steel  ingot 
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Axial  defects  in  Ingots  of  certain  readily  welded  austenite 
steels ,  such  a  3M572,  are  welded  up  at  relatively  small  reduction 
ratios.  For  -example ,  it  has  been  established  at  the  NPL  that  shrink 
ago  defects  (fine  intercrystalline  cracks)  in  an  elongated  3H572 
steel  ingot  weighing  2.17  t  are  completely  welded  up  during  effective 
drawing  with  a  reduction  ratio  of  no  less  than  1.5.  At  the  same  time, 
it  was  noted  that  certain  other  complex-alloyed  austenite  steels  and 
alloys  require  substantially  greater  reduction  ratios  for  welding 
up  of  internal  defects.  Thus,  it  was  found  that  defects  in  an  ingot 
of  a  nickel-based  alloy  weighing  700  kg  are  welded  up  only  when  the 
reduction  ratio  is  about  2.0,j»hile  an  alloy  with  an  iron-chromium- 
nickel  base  requires  a  reduction  of  about  3.5  [42].  A  reduction  ratio 
of  no  less  than  2. 0-2. 5  is  necessary  for  complete  sealing  of  axial 
defects  in  an  ingot  of  the  dispersion-hardening  austenite  steel 
X16H22B2T2  weighing  up  to  5-6  t.  The  experience  of  the  NPL  has  de¬ 
monstrated  that  high-chromium  complex-alloyed  steels(3M802,  15X11M$5, 
etc.)  are  among  those  whose  internal  defects  are  difficult  to  weld 
up.  Only  drawing  with  a  reduction  ratio  of  about  2.5  eliminates  traces 
of  unsealed  shrinkage  pores  from  blanks  forged  from  ingots  weighing 
about  4  t. 

The  reduction  figures  given  above  are  for  press-forging  of  the 
blanks,  which  permits  use  of  greater  single  reductions  and  applica¬ 
tion  of  more  prolonged  deforming  forces.  Both  factors  facilitate 
successful  welding  up  of  defects  by  creating  a  more  stringent  multi¬ 
lateral  compression  pattern  and  more  complete  recrystalllzatlon, 
which  is  especially  important  for  high-alloy  austenite  steels.  The 
minimum  reduction  ratio  necessary  for  welding  up  of  Internal  defects 
in  Ingots  of  high-alloy  steels  and  alloys  is  greater  for  hammer- 
forging,  Specifically,  when  the  aforementioned  ingots  of  nlckei  and 
iron-chromium-nickel  alloys  weighing  700  kg  are  hammer-drawn  rather 
than  press-drawn,  the  minimum  reduction  necessary  for  welding  ug  of 
defects  is  almost  doubled,  reaching  3*5  and  7.0  respectively  [42], 
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The  Influence  of  the  deforruiti  or.  -ate 
is  obviously  different  f cr  different  s 
Important  for  plastic  steels  and  no  re 
ueld  nigh-alloy  steels. 


(press-  or  hastr»or-- forging) 
teels:  this  factor  Is  less 
in^jortant  foi  diff icult-to- 


It  mst  be  kept  In  aelr.d  that  the  diversity  of  factors  influenc¬ 
ing  defect  welding  during  drawing  (the  extent,  direction,  and  loca¬ 
tion  of  the  defect  In  the  ingot,  the  nature  of  the  steel,  the  extent 
of  the  llquational  Inhoaogeneity  in  the  s^eel,  the  geometric  shape 
and  final  dimensions  of  the  blank,  the  stress  pattern  during  forging. 
He.)  makes  it  impossible  to  establish  general  norms  for  the  minimum 
reduction  ratios  that  will  ensure  complete  welding  up  of  internal 
defects  during  drawing.  Nevertheless,  che  data  given  above,  which 
are  based  principally  on  the  results  of  industrial  research  and 
practice'  experience,  enable  us  to  evaluate  the  feasibility  of  weld¬ 
ing  up  shrinkage  defects  In  ingots  of  different  types  of  steel.  For 


Pig.  11.  Diagrams  shewing  seal¬ 
ing  of  axial  defec’s  during  up¬ 
setting  of  blanks  with  different 
shapes . 

example.  It  can  be  more  or  less  assumed  that,  given  favorable  press- 
drawing  conditions,  shrinkage  defects  in  ingots  of  normal  size  weigh¬ 
ing  up  to  ^-5  t  will  he  completely  sealed  up  with  the  following  re¬ 
duction  ratios: 

a)  ’'.5-1."  fer  perlite  steels  and  readily  weldable  austenite 
steels  (3K572,  etc.); 

b)  1.6-2. 0  for  stain’ess  steels  (2X13); 

c)  2. 2-2. 5  for  high- chromium  complex-alloyed  steels  (3k802  and 
15X11M<<<B )  and  dispersion-hardening  austenite  steels  (X18H22B2T2)  . 

Welding  up  of  internal  defects  in  the  ingot  takes  place  under 
more  complex  conditions  during  upsetting  than  during  drawing,  since 
the  shrinkage  defects  are  usually  oriented  in  the  upsetting  direc¬ 
tion,  thus  necessitating  greater  force  and  a  larger  degree  of  deforma¬ 
tion  to  seal  the  discontinuities  in  the  metal,  and  the  contact  fric¬ 
tional  forces  and  associated  nonuniform  deformation  distribution  in 
the  blank  of  a  substantially  greater  influence.  The  latter  factor  is 
particularly  important  for  low-defornu  bi1 Hy  austenite  steels,  in 


-  67  - 


wi,iv.*h  the  actual  decree  of  deformation  in  :  .e  area.-:,  neat*  the  contact 
none  during  upsetting  differs  greatly  from  the  average  degree  of 
deformation.  The  nonuni form  deformation  during  upsetting  causes  the 
effectiveness  with  which  discontinuities  in  the  metal  are  sealed  to 
varv  over  the  height  of  the  blank.  Defects  In  the  vertical  midzone  are 
welded  up  at  a  substantially  smaller  total  reduction  than  defects  in 
the  zones  of  impeded  deformation.  The  D/H  ratio,  which  determines  the 
stress  pattern  during  upsetting  and  the  specific  pressure  exerted  on 
the  metal,  plays  a  large  role  in  the  effectiveness  with  which  defects 
are  sealed.  The  higher  the  D/H  ratio,  the  more  effectively  are  inter¬ 
nal  defects  welded  up  at  a  given  degree  of  upsetting,  since  the  mul¬ 
tilateral  volumetric  compression  is  greater  in  this  case. 


Experiments  conducted  to  determine  the  actual  degrees  of  upset¬ 
ting  necessary  to  weld  up  internal  defects,  which  were  conducted  by 
modeling  the  process  under  different  forming  conditions  [35,  i»3], 
showed  that  sealing  of  axial  defects  during  upsetting  of  tall  cylin¬ 
drical  blanks  (with  an  initial  ratio  D/H  <  1)  requires  a  local  de¬ 
formation  of  about  60-70$ ,  while  that  necessary  in  upsettinr  low 
blanks  ( D/H  >  1)  is  i)0-^5$. 


Welding  up  of  defects  in  a  cylindrical  blank  begins  in  the  verti¬ 
cal  midzone  ana  then  extends  toward  the  b  itt  as  upsetting  continues. 

In  upsetting  blanks  prepared  to  simulate  billeted  ingots  (with  tail¬ 
pieces  to  simulate  shrink  heads),  the  defects  in  the  vertical  midzone 
became  more  extensive  until  the  blank  diameter  exceeded  its  height. 
Gradual  closing  of  the  defects  oegan  at  D/H  >  1.  No  expansion  of  the 
defect  was  observed  in  blanks  with  an  initial  ratio  D/H  >  1.  It  has 
also  been  demonstrated  experimentally  that  sealing  of  local  defects 
in  the  portion  of  the  ingot  below  the  shrink  head  requires  the  great¬ 
est  degree  of  upsetting.  Figure  11  shows  the  dynamics  of  sealing  of 
axial  defects  during  upsetting  of  blanks  with  different  shap  s  [62]. 

In  using  experimental  results  to  consider  the  actual  feasibility 
of  welding  up  axial  defects  in  ingots  and  blanks  during  upsetting, 
the  following  factors  must  be  taken  into  account. 


1.  The  experimentally  determined  critical  degrees  of  deforma¬ 
tion  during  upsetting  pertain  to  the  plastic-forming  stage,  during 
which  the  defects  are  only  closed;  complete  welding  up  of  discontin¬ 
uities  in  the  metal  requires  additional  reduction,  whose  magnitude 
depends  on  the  physicochemical  characteristics  of  the  steel.  The 
additional  reduction  is  relatively  small  for  readily  welded  plastic 
steels,  while  that  required  for  complete  welding  up  of  internal  de¬ 
fects  in  steels  of  complex  composition  (e.g.,  3H802  or  X18H22B2T2) 
can  be  quite  substantial. 


2.  In  upsetting  blanks  of  low-de f ormab i  1.1  ty  steels,  especially 
those  of  the  austenite  class,  the  actual  deformation  in  the  areas 
adjoining  the  butt  may  be  far  lower  tnnn  ohe  average  degree  of  de¬ 
formation.  The  total  deformation  necessary  to  weld  up  defects  over 
the  entire  blank  height  will  therefore  substantially  exceed  the 
critical  deformations  g±ven  above  when  the  metal  in'  belli  the  cen¬ 
tral  portion  of  the  blank  and  the  areas  adjoining  the  faces  contains 
discontinuities  (a  case  very  common  in  practice). 


experimental  work  (taking  into  account  the  corrections  that 
have  been  made)  and  long-term  industrial  experience  have  shown  that 
the  practical  feasibility  of  welding  up  large  shrinkage  defects  in 
high-alloy  steel  Ingots  during  upsetting  is  very  limited.  Satisfac¬ 
tory  results  are  usually  obtained  only  in  forming  forgings  of  the 
wheel  type  with  a  relatively  large  final-dimension  ratio  ( D/H  -  8-10 
or  more).  For  example,  experience  has  demonstrated  that  defects  in 
ingots  of  high-hot-strength  chromium-nickel  alloys  are  completely 
welded  up  during  upsetting  when  the  degree  of  deformation  is  87? 
and  the  ratio  D/H  =  21.  Upsetting  of  such  ingots  with  a  deformation 
of  78$  and  a  ratio  D/H  =  9  does  not  ensure  sealing  of  internal  de¬ 
fects  [  14 3  3  •  Discontinuities  in  forgings  produced  from  complex-alloyed 
steels  with  a  small  D/H  ratio  cannot  be  welded  up  by  upsetting.  In 
such  cases  (when  ingots  having  well-developed  shrinkage  defects  are 
used  for  forgings  without  central  holes),  preliminary  drawing  of  the 
ingot  to  weld  up  axial  defects  before  upsetting  is  obligatory. 

Welding  up  of  defects  in  an  ingot  by  upsetting  alone  must  be 
regarded  as  a  real  possibility  only  for  readily  weldable  plastic 
steels  with  a  ratio  D/H  >  3  —  ^ .  The  minimum  necessary  reduction  ratio 
is  only  slightly  greater  than  the  critical  degree  of  deformation  de¬ 
termined  experimentally  (for  closing  defects)  and  corresponds  to  an 
upsetting  ratio  of  about  2. 0-3.0. 

The  influence  of  intermediate  upsetting  on  the  dynamics  of  the 
process  by  which  internal  defects  in  an  ingot  are  welded  up  during 
subsequent  forging  operations  is  very  important  in  the  practical 
sense.  The  fact  that  defects  in  the  center  of  an  ingot  with  a  ratio 
D/H  s  1  are  enlarged  during  upsetting  leads  us  to  conclude  that  in¬ 
termediate  upsetting  makes  welding  up  of  defects  during  drawing  more 
complicated  than  is  the  case  when  the  ingot  is  immediately  drawn. 

This  has  been  confirmed  by  a  number  of  investigations  and  by  indus¬ 
trial  practice.  Specifically,  experiments  involving  forging  of  a 
3^XH1M  ingot  weighing  19-5  t  under  different  technological  regimes 
established  that  a  reduction  ratio  of  2. 0-3.0  was  sufficient  for 
welding  up  of  Internal  defects  when  only  drawing  was  employed,  while 
complete  sealing  was  achieved  only  at  a  reduction  ratio  of  about  ^.0 
when  the  ingot  was  subjected  to  preliminary  upsetting  [4l].  Work 
conducted  at  the  NPL  on  3H802  complex-alloyed  high-chromium  steel 
showed  there  to  be  an  even  greater  difference  in  the  reduction  ra¬ 
tios  required  for  welding  up  defects  in  drawn  and  upset  billets. 

More  effective  welding  up  of  defects  during  drawing  without  pre¬ 
liminary  upsetting  has  been  repeatedly  observed  in  producing  large 
forgings  from  other  special  steels.  This  Is  due  both  to  development 
of  defects  in  the  ingot  during  preliminary  upsetting  and  to  the  less 
favorable  conditions  for  drawing  of  an  upset  billet  In  comparison 
with  a  drawn  ingot. 

The  principal  conditions  and  deformation  regimes  required  to 
ensure  sealing  of  internal  defects  in  the  ingot  have  been  des¬ 
cribed  above.  The  same  conditions,  which  are  based  on  the  require¬ 
ment  that  tensile  stresses  be  absent  throughout  the  entire  blank 
undergoing  deformation,  are  also  the  main  factors  that  prevent 
formation  of  internal  tears  in  low-plasticity  steel  forgings  during 
drawing. 
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We  should  also  mention  certain  characteristics  and  cause.:  of 
the  formation  of  defects  in  forged  wheels  with  hubs  fabricated  by 
upsetting  and  subsequent  hammer-chasing  of  the  barrel.  Wheels  up  to 
1200-1*100  mm  in  diameter,  which  are  widely  employed  in  electrical 
machine  building,  are  usually  produced  in  presses,  with  the  barrel 
formed  by  narrow  separable  die  blocks  after  the  blank  has  been  upset 
to  a  height  corresponding  to  that  of  the  forged  wheel  at  its  hub. 

Radial  cracks  are  sometimes  formed  in  the  central  portion  of 
the  lower  face  in  forging  wheels  from  a 'stenite  and  other  low-plas¬ 
ticity  steels  (3Hl»05,  3H572,  etc.).  Formation  of  annular  cracks  at 
the  site  of  the  transition  from  the  hub  to  the  barrel  is  also  ob¬ 
served  in  some  cases. 

Analysis  of  this  phenomenon  [ 3 5 »  M]  has  established  that  the 
cracks  are  formed  under  the  action  of  the  radial  tensile  stresses 
that  develop  as  a  result  of  the  fact  that  metal  flow  during  chasing 
of  the  barrel  is  principally  in  the  tangential  direction.  The  smal¬ 
ler  the  ratio  of  the  width  of  the  die  block  to  that  of  the  wheel 
body,  the  more  rapid  is  the  metal  flow  in  the  tangential  direction 
and,  consequently,  the  greater  are  the  tensile  stresses  produced  In 
the  central  region  of  the  wheel.  This  phenomenon  is  also  facilitated 
by  an  additional  factor,  the  small  reduction  ratio,  which  produces 
a  substantial  difference  in  tne  degrees  of  body  deformation  at  the 
top  (facing  the  narrow  die  blocks)  and  at  the  bottom  (facing  the 
plate) . 

In  order  to  avoid  cracking  in  forging  wheels  with  hubs  from 
low-plasticity  steels,  it  is  therefore  desirable  to  form  the  body 
by  upsetting  on  a  liner  ring  and  chasing  from  the  side  opposite  the 
hub  rather  than  by  chasing  with  narrow  die  blocks  from  the  hub  side. 
This  forging  pattern  prevents  development  of  radial  tears  in  the  cen¬ 
tral  portion  of  the  wheel  or  of  annular  cracks  where  the  hub  meets 
the  body. 

When  it  is  feasible  In  technological  and  production  terms  to 
use  the  forging  nattern  described  above,  i.e.,  upsetting  and  chas¬ 
ing  of  the  body  on  the  hub  side,  the  danger  of  cracking  can  he  sub¬ 
stantially  reduced  by  Increasing  the  width  of  the  die  block,  employ¬ 
ing  a  greater  reduction  during  each  press  stroke,  and  reducing  the 
relative  difference  in  the  thicknesses  of  the  forged  wheel  at  the 
hub  and  body  by  somewhat  Increasing  the  thickness  of  the  latter.  In 
forging  thin  wheels.  It  is  desirable  that  the  body  be  chased  at 
relatively  high  forging  temperatures  with  the  blank  subjected  to 
uniform  heating,  In  order  to  avoid  development  of  additional  ten¬ 
sile  stresses. 

Cases  are  often  encountered  In  industrial  practice  where  dis¬ 
continuities  in  the  metal  of  special-steel  wheels,  particularly 
annular  cracks,  are  detected  after  the  wheel  has  cooled  or  undergone 
heat  treatment  rather  than  during  deformation  or  immediately  after 
forging.  This  happens  when  the  tensile  stresses  produced  during 
chasing  of  the  body  do  not  exceed  the  ultimate  strength  of  the  metal 
and  large  residual  Internal  stresses  are  present  In  the  forging, 
summing  with  the  thermal  stress*-;:  that  develop  during  cooling  or 
heating  of  the  blank  and  eventually  being  manifested  In  defects.  In 
t  he  met  a  1 . 
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Chapter  5 

HEAT  TREATMENT  OF  FORGINGS 

13.  COOLING  AND  PRIMARY  HEAT-TREATMENT  REGIMES 

Steels  that  do  not  undergo  phase  transformations,  particularly 
those  of  the  austenite  class,  are  cooled  in  air  after  forging  and 
are  usually  not  subjected  to  any  type  of  preliminary  heat  treatment. 
Most  forgings  produced  from  special  steels  of  the  perlite  class  and 
high-chromium  martensite  steels  (especially  those  with  large  cross- 
sectional  areas)  are  cooled  in  the  furnace  under  a  regime  that  can 
be  combined  with  one  of  the  operations  involved  in  primary  heat 
treatment:  relief  annealing  or  annealing  accompanied  by  phase  re- 
orystallization.  Small  forgings,  for  which  accelerated  cooling  pres¬ 
ents  no  danger  of  formation  of  flakes  or  thermal  cracks,  are  cooled 
in  air  and  then  subjected  to  softening  or  recrystallization  anneal¬ 
ing  or  sent  for  macnining  or  final  heat  treatment  without  any  pre¬ 
liminary  thermal  operations,  depending  on  the  hardness  of  the  forg¬ 
ing,  the  purpose  for  which  it  is  intended,  and  the  subsequent  pro¬ 
cessing  that  it  is  to  undergo. 

The  main  purpose  of  primary  heat  treatment  of  forgings  fabri¬ 
cated  from  high-hot-strength  perlite  steels  (SM^IS,  15X1M1<*>  and  P2) 
is  to  prevent  flaking.  Long-term  industrial  experience  and  numerous 
investigations  have  established  that  the  principal  factor  responsible 
for  flaking  in  steel  is  hydrogen,  which  creates  large  pressures  in 
the  cooled  steel  and  reduces  its  plastic  properties  as  a  result  of 
hydrogen  embrittlement.  Forgings  produced  from  acid  open-hearth 
steel,  whose  hydrogen  content  is  lower  than  that  in  steels  smelted 
in  basic  open-hearth  and  arc  furnaces  by  an  average  factor  of  1.5, 
are  consequently  less  susceptible  to  flaking.  Internal  stresses  in 
the  steel,  particularly  those  created  during  phase  transformations , 
are  an  additional  factor  that  intensifies  flaking. 

On  this  basis,  the  main  role  of  heat  treatment  of  forgings  to 
prevent  flaking  is  to  ensure  a  maximum  hyd  ogen-dl f fus ion  rate  and 
a  reduction  in  the  average  hydrogen  content  of  the  steel,  as  well 
as  a  more  uniform  hydrogen  distribution  over  the  forging  cross-sec¬ 
tion  as  a  result  of  diffusion  from  areas  with  high  concentrations  to 
tnose  with  low  concentrations .  The  latter  factor  Is  especially  impor¬ 
tant,  since  the  hydrogen  content  in  the  most  brittle  liquation  zones 
of  the  forging  Is  greatly  reduced.  The  primary  heat-treatment  regime 
should  simultaneously  reduce  residual  stresses  (structural,  thermal, 
and  forging)  to  a  minumum. 

Alloy  steels  containing  nickel,  particularly  in  amounts  of  more 
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than  2%  (3UXH3M,  18X2H4BA,  etc.),  have  the  greatest  susceptibility 
to  flaking.  Such  steels  are  distinguished  hy  high  austenite  stab¬ 
ility  in  the  perlite  region  and  large  forgings  fabricated  from  them 
therefore  require  quite  prolonged  heat  treat m -nt  and  cooling.  The 
basic  regime  involves  long-term  isothermal  '  c t  600-650^2 

after  cooling  at  220-300°C.  The  isothermal  ...  ic^ng  tine  has  been 
set  at  10-15  h  for  large  forgings  of  chromium-nickel-molybdenum 
steels  and  20-30  h  for  forged  turbine  rotors  with  a  diameter  of  up 
to  100  mm  [5].  Large  forgings  are  cooled  from  the  isothermal  anneal¬ 
ing  temperature  to  100-300°C  with  the  furnace.  In  most  cases,  forgings 
that  are  to  undergo  subsequent  refinement  are  not  subjected  to  re¬ 
crystallization  annealing. 

High-hot-strength  perlite  steels  (15X1M14>,  3H ^  1 5 ,  and  P2) ,  which 
do  not  contain  nickel,  are  substantially  less  susceptible  to  flaking 
than  chromium-nickel-molybdenum  steels.  The  austenite  In  these  metals 
has  a  relatively  low  stability  and  Is  converted  to  perlite,  i.e., 
a  structure  in  which  hydrogen  diffusion  occurs  at  high  speed  during 
relatively  short  holding  at  temperatures  in  the  perlite  region  [45]. 
These  types  of  steel  therefore  do  not  require  special  prolonged 
cooling,  as  do  chromium-nickel-molybdenum  steels,  and  the  isothermal 
holding  time  can  be  relatively  short. 

Rapid  cooling  before  Isothermal  annealing  is  carried  out  only 
in  order  to  obtain  accelerated  or  more  complete  cooling  of  the  cen¬ 
tral  region  of  the  forging  to  the  temperature  at  which  the  austenite 
transition  is  most  rapid.  The  isothermal  annealing  is  the  most  im¬ 
portant  element  of  the  heat-treatment  regime,  governing  its  effective¬ 
ness.  In  establishing  holding  times  for  forgings,  it  is  necessary  to 
keep  them  proportional  to  the  forging  cross-section,  except  for  es¬ 
pecially  large  or  especially  critical  forgings  (e.g.,  forged  rotors 
of  P2  steel),  for  which  the  relative  holding  time  should  be  somewhat 
longer.  Forgings  of  comparatively  small  diameter  can  be  cooled  from 
the  Isothermal  annealing  temperature  in  air.  It  must  be  noted,  how¬ 
ever,  that  not  all  plants  have  adopted  the  same  regime  for  the  ini¬ 
tial  and  high  flaking  treatment.  As  P.V.  Sklyuyev  quite  correctly 
notes  [46],  only  the  method  used  to  select  proper  regimes  can  be 
universal,  tne  actual  regimes  differing  substantially  in  accordance 
with  the  method  used  tc  smelt  the  steel  and  other  metallurgical  fac¬ 
tors.  Drawing  on  experience  Is  therefore  the  critical  factor  and  the 
proposed  regime  should  be  subjected  to  thorough  experimental  verifica¬ 
tion  under  the  specific  conditions  that  obtain  at  the  plant  In  ques¬ 
tion. 

Chapter  t>  describes  the  primary  heat-treatment  regimes  for  cer¬ 
tain  typical  electrical-machinery  forgings  produced  from  3W4i5, 
tRXIMi*  (basic  electric  steel),  and  P2M  (vacuum-poured  acid  open- 
hearth  steel)  steels. 

Forgings  fabricated  from  martensite  chromium  steels  containing 
12-14?  chromium  are  usually  subjected  to  modification  annealing, 
which  Is  combined  with  cooling  In  the  furnace  for  large  components. 
Such  forgings  have  no  tendency  toward  flaking.  The  cooling  regime 
therefore  provides  for  no  special  procedures  Intended  to  accelerate 
hydrogen  diffusion  or  other  antiflaking  measures.  The  main  purpose 
of  primary  heat  treatment  for  simple  martensite  chromium  steels  1.. 


sort bringing  their  hardness  to  a  level  that  permits  machining, 
and  prevention  of  cracking. 

There  is  a  transformation  to  the  martensite  region  when  forgings 
are  cooled  in  air  or  are  not  cooled  sufficiently  slowly  with  the  fur¬ 
nace:  the  steel  becomes  quite  hard  and,  as  a  result  of  the  structural 
transformations,  Is  in  a  highly  stressed  state.  If  the  forgings  are 
not  quickly  tempered  in  this  case,  there  is  a  possibility  that  defects 
will  develop  in  the  metal. 

The  tendency  toward  cracking  in  forgings  of  1X13-3X13  steel  dur¬ 
ing  cooling  in  air  depends  on  a  number  >f  factors:  the  final  deforma¬ 
tion  temperature,  the  forging  cross-section  and  state,  and  the  me¬ 
tallurgical  characteristic  of  the  melt.  The  decisive  factors  are  the 
forging  dimensions  and  configuration.  The  more  massive  the  forging, 
the  larger  are  the  internal  stresses  that  develop  in  it  and,  conse¬ 
quently,  the  more  dangerous  is  coo1ing  of  such  a  forging  in  air  (from 
the  standpoint  of  possible  cracking).  The  influence  of  the  component 
configuration  Is  exerted  tnrough  the  fact  that  cracks  always  coincide 
with  the  direction  of  least  plasticity,  so  that  forgings  with  marked 
anisotropy  of  plasticity  have  a  greater  tendency  toward  cracking. 


Fig.  12.  Typical  pattern  for  primary  heat  treatment  of  forgings  500- 
600  mm  in  diameter  fabricated  from  2X13  and  3X13  steels.  I)  Accumula¬ 
tion  of  forgings;  II)  cooling  with  hood  and  damper3  open;ITI)  Heating 
to  isothermal  annealing  temperature  (heating  rate  unrestricted);  IV) 
equilibration  of  metal  temperature  in  charge;  V)  cooling  in  air.  1) 
h. 


Forgings  of  two  shaper,  shaft  and  wheel,  can  be  used  as  an  ex¬ 
ample.  Forged  shafts,  which  are  usually  produced  by  a  single  drawing 
operation,  exhibit  a  pronounced  longitudinal  fiber  direction  and, 
consequently,  greatly  reduce  transverse  plasticity.  Forged  wheels 
are  generally  formed  by  a  combination  of  two  operations  (drawing 
and  upsetting)  and,  as  a  result  of  the  characteristics  of  the  up¬ 
setting  process,  their  fiber-:?  do  not  exhibit  any  marked  tendency 
to  run  in  the  same  direction,  (liven  the  same  diameter  and  similar 
cooling  conditions,  cracks  should  therefore  develop  principally  In 
forgings  of  the  shaft  type  (In  the  longitudinal  direction),  as  has 
been  consistently  cor^'cmed  by  industrial  experience. 

Forgings  with  diameters  of  up  to  100-120  mm  can  be  cooled  in 
still  air.  Accelerated  cooling  of  such  relatively  small  forgings 


usually  dues  not  cause  crack  Inf,.  Forgi  ngs  cool  ini  in  air  have  hlgi 
hardness  and  mod  if  1  ca  t  i  anal  anneal  inn  can  be  omitted  only  if  they 
are  to  be  subjected  to  final  heat  treatment  in  untrimmed  form.  If 
this  is  not  the  case,  softening  annealing  is  obligatory. 

Different  plants  have  resolved  th<‘  quetion  of  whether  hlgh- 
chromium  steels  should  be  annealed  with,  or  without  recrystallisation 
in  different  ways.  Both  types  of  annealing  are  employed.  However,  re¬ 
search  has  shown  that  high-temperature  annealing  of  such  steels  is 
unwise  and  even  detrimental,  since  rapid  precipitation  of  the  ehrom- 
'  carbides  that  persist  in  the  rnetai  structure  during  slow  cooling 
ar-  precipitated  at  the  grain  boundaries  over  the  critical  tempera¬ 
ture  range;  the  carbides  do  not  go  into  solid  solution  during  sub¬ 
sequent  ^requenchlng  heating  and  reduce  the  impact  strength  of  the 
steel. 

Isothermal  annealing  at  the  effective  austenite-decomposition 
temperature,  which  is  about  700-760°C  for  2X13  and  3X13  steels,  is 
best.  Appropriate  holding  at  this  temperature  and  subsequent  cooling 
in  air  ensure  that  the  steel  has  suitable  hardness  and  the  best  pos¬ 
sible  preliminary  structure. 

Large  forgings  are  cooled  under  a  special  regime  combined  with 
isothermal  annealing:  the  hot  forgings  are  accumulated  in  a  furnace 
at  50C-600°C  and,  after  cooling,  are  subjected  tc  isothermal  holding 
at  700-7bO°C.  The  hardness  obtained  after  heat  treatment  usually 
does  not  exceed  220-2*10  HB.  Figure  12  shows  a  typical  primary  heat- 
treatment  regime  employed  at  many  plants  for  forgings  of  2X13  and 
3X13  steels  up  to  500-600  mm  in  diamecer. 

Forgings  of  1X17H2  (3M268)  steel  and  12  per  cent  chromium  steels 
are  not  susceptible  to  flaking  but,  as  a  result  of  their  structural 
characteristics ,  require  very  complex  and  prolonged  heat  treatment 
and  cooling  in  order  to  obtain  satisfactory  hardness  and  to  reduce 
Internal  stresses  to  a  minimum.  Isothermal  annealing  of  these  steels 
yields  effective  resuits  when  the  heat-treatment  regime  Includes  two 
cooling  periods  v  the  first  at  700-250°C  and  th>.  second  at  150-200°C. 
The  decomposition  products  obtained  during  the  two  cooling  periods 
must  be  tempered  at  a  temperature  below  Aa,  at  650-680°C.  The  hard¬ 
ness  obtained  for  the  steel  in  this  case  does  not  exceed  2*i0-?50  HB. 

Forgings  of  i  X  J  7  H .?  steel  are  not  subject'd  to  recrystal,  t !  na¬ 
tion  annealing.  Post  forging  cooling  is  carried  out  in  the  furnace 
In  combination  with  isothermal  annealing,  taking  into  account  the 
aforementioned  structural  eharartertsti cs  of  the  steel.  Specifically, 
post. forging  heat  treatment  of  wheels  fabricated  from  1X17H2  steel 
(with  a  hub  height  of  up  to  150  nun)  is  carried  out  under  the  follow¬ 
ing  regime:  holding  at  LhO-bDO’C  until  the  metal  temperature  ,s  fully 
equilibrated  throughout  the  entire  charge,  cooling  to  200-2JC°C  at 
a  rate  of  30-&O  Jeg/h ,  holding  at  ?00-230°C  for  *1  h,  heating  to 
(,140-hiSO‘V ,  holding  at  this  temperature  for  15-70  h ,  cooling  to  160°C 
at  a  rate  of  j0-*)0  deg/h ,  holding  at  tills  temperature  for  5  iu  re¬ 
heating  to  bM-fiflrgV ,  .holding  at  this  temperature  for  *5  h,  cooling 
with  the  furnace  to  fOO'V  at  a  rate  of  10  deg/h,  and  further  cooling 
in  air.  A*  ce  bn-, at  .-,j  cooling  in  ilr  (from  the  forging  temperature ) 

'•f  e  re  l;»t  5  ve  ly  small  forging.-  oft  en  causes  cracking  of  the  metal. 


In  contrast  to  1X13  and  3*13  steels,  forgings  fabricated  from 
high-alloy  h Lgh-chromium  steels  (3H802  and  15X11M<I>6)  have  a  tendency 
toward  hydrogen  embrittlement  and  formation  of  flake-type  defects  in 
their  central  regions,  which  is  apparently  due  to  the  far  higher 
stability  of  the  supercooled  austenite. 

On  the  basis  of  a  study  cf  the  kinetics  of  the  isothermal  de¬ 
composition  of  austenite,  the  most  effective  primary  heat-treatment 
regime  for  hot  forgings  of  3H802  steel  is  assumed  to  include  an  ini¬ 
tial  cooling  from  the  accumulation  temperature  of  600-700°C  to  250- 
400°C,  subsequent  isothermal  annealing  at  690-710°C,  a  second  cooling 
to  l80-200°C,  isothermal  holding,  and  slow  cooling  with  the  furnace 
to  100-200°C.  The  presence  of  two  cooling  periods  and  isothermal 
annealing  at  690-710°C  ensures  gradual  and  quite  complete  decomposi¬ 
tion  of  the  austenite  and  tempering  of  the  decomposition  products 
with  relatively  small  structural  stresses. 

The  individual  elements  of  the  heat-treatment  regime  (primarily 
the  isothermal  holding  time)  are  selected  on  the  basis  of  the  metal¬ 
lurgical  and  geometric  characteristics  of  the  forging.  For  example, 
satisfactory  results  have  been  obtained  in  primary  heat  treatment  of 
wheels  with  a  hub  height  of  more  than  300  mm  forged  from  basic  elec¬ 
tric  steel  without  vacuum  casting  under  the  following  regime:  an  ini¬ 
tial  cooling  from  700  to  370°C  with  the  furnace  and  then  to  250°  in 
air,  holding  at  the  latter  temperature  for  9  h,  heating  to  710-730°C, 
isothermal  annealing  (after  heating)  for  20  h,  a  second  cooling  to 
190-200°C,  holding  at  this  temperature  for  9  h,  isothermal  annealing 
at  710°C  for  20  h,  and  slow  cooling  with  the  furnace  to  110°C. 

It  is  interesting  to  note  that  flaking  was  detected  in  wheels 
of  this  type  forged  from  ingots  produced  by  electric-slag  remelting 
and  heat-treated  after  forging  under  a  regime  involving  a  single 
cooling  at  250-300°C  and  subsequent  annealing  at  700-710°C  for  llj  h. 
When  the  hydrogen  content  and  other  metallurgical  characteristics  of 
the  ingots  are  favorable,  there  is  obviously  less  reason  to  expect 
flaking  in  the  forgings  and  the  primary  heat-treatment  regime  can  be 
less  prolonged.  All  procedures  Intended  to  reduce  the  hydrogen  con¬ 
tent  of  complex-alloyed  high-chromium  steels  (use  of  vacuum-melted 
ferrochromium,  vacuum  casting,  etc.)  ar  obviously  very  important 
factors  in  this  sense,  affecting  both  forging  quality  and  the  dura¬ 
tion  of  the  initial  heat-treatment  process  in  the  forging-pressing 
shop . 

The  or l m ary  heat- treatment  regimes  for  forgings  of  complex- 
alloyed  high-chromium  steels  do  not  provide  for  phase  recrystailiza- 
tlon.  Experience  has  demonstrated  that  recrystallization  at  880-900°C 
causes  an  abrupt  decrease  in  the  impact  strength  of  the  steel.  Ac¬ 
cording  to  the  data  of  the  Central  Scientific  Research  and  Planning- 
Design  Boiler  and  Turbine  Institute,  this  phenomenon  Is  caused  by 
precipitation  of  chromium  carbides,  which  are  of  low  solubility  at 
the  quenching  temperature,  and  their  accumulation  in  coagulated  form 
along  the  grain  boundaries. 


14.  FINAL  HEAT  TREATMENT 


Forgings,  of  H i gh-Ho  i-S  i reng th  Perlite  Steels 

Selection  of  heat-treatment-  regimes  for  high-hot-strength  per¬ 
lite  steels  is  complicated  by  addition  of  an  extra  requirement  above 
those  for  ordinary  alloy  structural  steels  intended  to  operate  at 
normal  temperatures:  the  metal  must  have  optimum  hot  strength  under 
given  working  conditions.  The  most  favorable  combination  of  mechani¬ 
cal  properties  for  ordinary  steels  is  achieved  by  quenching  and  tem¬ 
pering.  Modification  of  high-hot-strength  steels  does  not  always 
yield  optimum  properties  and  it  is  often  necessary  to  seek  other, 
mere  effective  heat-treatment  regimes. 

Recent  investigations  [47,  48]  have  established  that  steels 
with  a  bainite  structure  have  the  highest  hot  strength,  so  that 
normalization  and  high  tempering  is  regarded  as  a  more  suitable  type 
of  heat  treatment  than  improvement  for  the  very  common  chromium- 
molybdenum-vanadium  perlite  steels.  One  factor  that  makes  normaliza¬ 
tion  more  suitable  for  large  forgings  than  quenching  is  the  smaller 
thermal  and  structural  stresses  produced  during  heat  treatment,  which 
promotes  development  of  fewer  metallurgical  defects. 

In  order  to  obtain  the  requisite  mechanical  properties  in 
large  forgings,  particularly  impact  strength,  normalization  is 
sometimes  supplemented  by  special  rapid  cooling  of  the  metal  in  air. 
This  technique  Is  employed,  for  example,  in  heat-treating  forged 
rotors  of  P2  steel,  which  are  normalized  in  special  chambers  with 
forced  air  circulation.  A  more  complex  processing  cycle,  involving 
double  normalization  and  tempering,  is  sometimes  used;  it  provides 
greater  plasticity  and  homogeneity  of  the  metal  in  large  forgings 
and  a  lower  notch  sensitivity  in  long-term  strength  tests  than  does 
single  normalization  [47]. 

In  view  of  the  other  advantages  of  normalization  and  temper¬ 
ing  (simplification  of  the  heat-treatment  process,  the  possibility 
of  more  general  use  of  heat-treatment  furnaces,  and  improvement  of 
working  conditions  in  the  heat-treacment  shop),  this  technique  Is 
best  in  all  cases  where  the  technical  requirements  Imposed  on  the 
forgings  permit  it.  Of  the  high-hot-strength  perlite  steels  men¬ 
tioned  In  Chapter  1,  most  chromium-molybdenum-vanadium  steels  of 
the  15XlML<t>  and  P2  types  are  subjected  to  single  or  double  normal¬ 
ization.  Modification  is  employed  only  when  the  forgings  must  have 
elevated  mechanical  properties,  e.g.,  In  heat-treating  wheels  of 
P2  steel  to  obtain  a 0 . 2  ^  75  kgf/mm2  or  in  treating  large  components 
of  15X1M10  steel.  Forgings  of  3m415  steel  are  usually  subjected  to 
modification.  Pinal  heat  treatment  in  the  form  of  a  single  modifica¬ 
tion  (without  subsequent  tempering)  is  completely  impermissible, 
even  when  there  is  no  danger  that  large  internal  stresses  will  de¬ 
velop,  since  this  procedure  greatly  reduces  the  hot  strength  of  the 
steel . 

The  prenormall zation  or  prequenching  heating  temperature  for 
the  aforementioned  high-hot-strength  perlite  steels  has  been  set 
at  100-120°C  above  ,403.  Heating  to  a  temperature  that  substantially 
exceeds  the  upper  critical  point  is  dictated  by  the  fact  that  these 
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steel  contain  vanadium  (and  tungsten  as  well  for  3M415  steel), 
which  forms  carbides  with  a  high  dissociation  temperature,  and  by 
the  need  for  maximum  solution  of  these  elements  in  the  austenite  and 
enlargement  of  the  grains  in  order  to  maintain  the  hot  strength  of 
the  metal.  Investigations  conducted  at  the  Central  Scientific  Re¬ 
search  Institute  of  Technology  and  Machine  Building  have  shown  that, 
for  example,  15XlMl<t>  cannot  be  normalized  at  930-9o0°  C  (as  was 
previously  done),  since  this  results  in  low  hot  strength  despite 
the  very  high  plasticity  it  yields  [49],  Raising  the  normalization 
temperature  to  1030-1050°C  somewhat  reduces  metal  plasticity  but 
substantially  increases  hot  strength. 

Normalization  at  higher  temperatures  has  also  been  found  to 
have  a  favorable  effect  on  research  on  experimental  forgings  of  P2 
steel  [48].  The  originally  stipulated  normalization  temperature  of 
920°C  was  raised  to  980°C,  which  gave  the  metal  a  higher  hot  strength. 

The  tempering  temperature,  which  should  ensure  complet  decomposl 
tion  of  the  nonequilibrium  structures  and  relief  of  the  internal 
stresses,  plays  a  very  important  role  in  determining  the  hot  strength 
and  structural  stability  of  steels.  It  is  of  fundamental  importance 
to  establish  a  tempering  temperature  that  is  as  far  above  the  work¬ 
ing  temperature  of  the  forging  in  question  as  possible.  The  struc¬ 
tural  changes  in  the  metal  under  the  action  of  operating  conditions 
will  be  minimal  in  this  case.  However,  the  maximum  tempering  tempera¬ 
ture  is  limited  by  two  factors:  the  location  of  the  point  Ao\  and 
the  requirements  imposed  on  the  strength  of  the  metal.  The  attempt 
tc  obtain  as  high  a  tempering  temperature  as  possible  therefore  in¬ 
evitably  involves  treating  the  component  to  the  minimum  permissible 
strength  and,  consequently,  with  a  high  dsgroo  of  process  accuracy. 

The  characteristics  of  each  specific  component  must  be  taken 
into  account  in  selecting  the  or tl must  tempering  temperature.  When  a 
component  has  abrupt  changes  of  shape,  for  example,  a  high  tempering 
temperature  is  desirable  to  reduce  the  notch  sensitivity  of  the 
steel  by  increasing  its  plasticity  to  as  great  an  extent  as  possible. 

The  influence  of  tempering  time  on  the  strength  of  steel  at 
normal  and  elevated  temperatures  and  on  its  hot.  strength  is  similar 
to  the  influence  of  tempering  temperature.  Both  elements  of  the  tem¬ 
pering  regime  should  therefore  be  established  experimentally  in 
strict  correlation  with  one  another. 

The  Central  Scientific  Research  Institute  of  Technology  and 
Machine  Building  [TsNIITmash](UHMMTiiAaui)  Investigated  the  influence 
of  tempering  temperatures  in  the  range  700-760 °C  and  holding  times 
of  from  2  to  12  h  on  the  hot  strength  of  pipe  blanks  fabricated  from 
15X1M1*  steel  [49].  The  optimum  combination  of  hot  strength  and 
plasticity  was  obtained  after  normalization  from  1030-1050°C  ard 
tempering  at  700-720°C  for  5  h.  However,  this  regime  is  recommended 
only  for  15X1M1#  steel  containing  no  more  than  0.1 3^  carbon.  When 
the  carbon  content  of  the  melt  is  greater  than  0.13J,  the  tempering 
temperature  should  be  raised  to  ?4o-76o°C. 

According  to  the  data  of  the  Leningrad  Metal  Plant  f LMP 3 ( ilM3 ) , 
the  optimum  heat-treatment  regime  for  large  forged  flanges  of 
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15X1M10  steel  is  normalization  from  1000°C  and  tampering  at  720°C 
for'  8-10  h  or  quenching  from  1000°C  in  oil  and  tampering  at  7*10-750  , 
for  10  h.  Both  regimes  yield  satisfactory  results  with  respect  to 
mechanical  properties  at  normal  temperatures  and  hot  strength.  Large 
forgings  subjected  to  normalization  and  temperature  and  having 
a0.2  *  30-32  kgf/mm2  exhibit  the  following  approximate  character¬ 
istics:  a  yield  strength  at  565°C  of  6  kgf/mm2,  a  long-term  strength 
of  7-8  kgf/mm2,  and  a  very  high  long-term  tensile  plasticity.  Quench¬ 
ing  and  tempering  raise  0 0.2  to  37-150  kgf/mm2  and  yield  a  higher  long¬ 
term  strength.  Modification  is  usually  employed  for  large  forged 
flanges,  T-joints,  pipes,  and  other  components  with  large  cross- 
sections  . 

Type  P2  steel  is  used  principally  for  large  forged  steam-turbine 
blades.  The  heat  treatment  of  the  forgings  consists  of  .ouble  nor¬ 
malization  from  970-990°C  and  935—9 i45°C  and  tempering  at  60C-710°C 
for  20-30  h  (after  heating),  followed  by  slow  cooling  with  the  fur¬ 
nace.  The  first  normalization  produces  more  complete  carbide  solu¬ 
tion  and  structural  homogenization.  The  second  normalization  prom¬ 
otes  a  decrease  in  grain  size  and  in  the  notch  sensitivity  of  the 
steel.  As  was  pointed  out  above,  double  normalization  increases 
metal  plasticity  and  its  homogeneity  over  the  forging  cross-section. 

The  cooling  rate  during  the  second  normalization  has  a  strong 
effect  on  the  ultimate  results  obtained  in  heat-treating  large  forg¬ 
ings  of  P2  steel.  The  initial  experiments  involving  cooling  of  forged 
rotors  in  still  air  showed  this  regime  to  be  unsuitable,  since  it 
reduced  the  impact  strength  of  the  metal:  about  80$  of  the  rotors 
had  an  impact  strength  below  the  norm  stipulated  by  technical  speci¬ 
fications  (>jl.5  kgfvn/cm2).  Introduction  of  forced  cooling  of  forg¬ 
ings  by  fan-supplied  air  from  a  special  apparatus  at  the  Urals 
Machine  Building  Plant  provided  the  requisite  impact  strength  and 
increased  the  homogeneity  of  mechanical  properties  throughout  the 
entire  forging  volume.  In  this  case,  the  strength  and  plasticity  of 
the  rotors  usually  were  characterized  by  the  following  values:  00  z  * 

=  50-65  kgf/mm2,  6  -  17-21$,  and  *  55-65$  [50].  Heat  treatment  of 
P2  3teel  to  a  yield  strength  of  more  than  75  kgf/mm2  (a  process 
employed  for  certain  types  of  centrifugal  compressor  wheels)  in¬ 
volves  quenching  from  9^0-960°C  in  oil  and  tempering  at  650-670°C. 

The  principal  type  of  heat  treatment  employed  for  large  forg¬ 
ings  of  3WA15  steel  is  quenching  from  1000-1030°C  in  oil  and  subse¬ 
quent  tempering  at  660-700°C.  Narrower  ranges  are  dictated  for  the 
tempering  temperature  and  time  by  the  strength  requirements  imposed 
on  the  forgings  by  technical  specifications.  Specifically,  turbine 
wheels  with  a  hub  height  of  300  mm  treated  to  oj.j  >_  62  kgf/nun2 
are  tempered  at  680-700°C.  The  actual  yield  strength  reaches  moder¬ 
ate  values  (65-70  kgf/mm2),  while  the  Indices  <5,  and  are  15- 

18$,  50-60$,  and  6-10  kgf*m/cm2  respectively. 

In  order  to  obtain  more  complete  solution  of  the  vanadium  car- 
hide,  It  Is  recommended  that  'no  heat-treatment  cycle  be  supplemented 
by  preliminary  normalisation  from  1060-1100°C,  which  promotes  an  in¬ 
crease  In  the  plasticity  and  impact  strength  of  the  steel.  Large 
.one-piece  rotu»*8  are  subjected  to  such  treatment.  Forg’ngs  of  rela¬ 
tively  small  cross-section  can  also  lie  treated  by  normalization  and 
tempering,  since  the  steel  has  goo  1  hardenahllity. 
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The  post  tempering  coding  regime  for  forgings  of  high-hot- 
strength  perlite  steels  depends  on  tne  size,  configuration,  and 
purpose  of  the  c  nporents .  Small  forgings  are  cooled  in  air.  Large 
forgings,  especially  those  of  complex  shape, are  cooled  3lowly  with 
the  furnace  to  200-300°C,  in  order  to  avoid  the  internal  stresses 
that  develop  in  such  forgings  when  they  are  rapidly  cooled  from  the 
tempering  temperature  in  air. 

The  final  heat-treatment  cycle  is  sometimes  supplemented  by 
tempering  at  a  temperature  30-50°C  below  that  of  the  post  quenching 
temperature,  in  order  to  relieve  residual  stresses.  This  operation 
is  employed  for  massive  forgings  in  those  relatively  rare  instances 
where  they  are  heat-treated  in  untrimmed  form  (without  preliminary 
machining)  or  when  the  component  contains  elements  with  very  thin 
cross-sections  and  complex  changes  in  shape.  In  such  cases,  even 
the  relatively  small  residual  stresses  produced  in  the  forging  by 
removal  of  a  large  amount  of  metal  during  machining  (especially  when 
the  distribution  of  the  material  removed  is  nonuniform)  can  cause  an 
unfavorable  stress  distribution  and  impermissible  deformation  of  the 
component.  When  necessary,  tempering  for  stress  relief  is  carried 
out  as  an  intermediate  stage  of  machining  (leaving  the  minimum  to¬ 
lerance  necessary  to  bring  the  component  to  ics  final  dimensions). 

Forgings  of  Chromium  Stainless  and  high-hot-Strength  Martensite 
Stee  I  s 

Heat  treatment  of  forgings  fabricated  from  chromium  martensite 
steels  usually  consist  in  quenching  and  tempering.  Small  forgings 
are  quenched  in  air,  while  large  forgings  are  generally  quenched  in 
oil,  in  order  to  obtain  a  more  complete  martensite  transformation. 
Double  quenching  and  subsequent  tempering  is  sometimes  employed  to 
raise  the  impact  strength  of  the  steel.  For  more  effective  working 
of  the  metal  in  the  forging,  it  is  usually  trimmed  before  the  final 
hear  treatment,  leaving  only  the  minimum  allowances  necessary  to 
compensate  for  possible  deformation  of  the  component.  Heat  treat¬ 
ment  of  untrimmed  forgings  often  causes  cracking  in  areas  where  su¬ 
perficial  defects  are  concentrated,  especially  (luring  quenching  in 
oil. 

The  quenching  temperature  is  selected  so  as  to  yield  the  most 
complete  carbide  solution,  so  that  it  substantially  exceeds  Acs, 
ranging  from  10C-0  to  1100°C  for  most  high-chromium  steels.  The  mini¬ 
mum  temperature  Is  for  1X13  and  3X13  steels,  wnile  the  maximum  Is 
for  steels  alloyed  with  strong  carbide-forming  elements,  such  as 
vanadium  and  niobium.  Quenching  from  lower  temperatures  reduces  the 
effectiveness  of  heet  treatment,  especially  for  complex-alloyed 
steels.  For  example,  the  TsNIITmash  ha3  noted  tnat  raising  the 
quenching  temperature  for  wheels  of  X12B2M<fr  (3M756)  steel  from 
10^0  to  1060-10703C  Increases  all  their  mechanical  properties, 
Including  their  strength.  The  favorable  effect  of  high-temperature 
quenching  on  the  mechanical  properties  of  modified  high-chromium 
steels  (both  short-term  and  long-term)  has  also  been  confirmed  by 
other  experimental  data  [^71.  Extremely  high  quenching  temperatures 
are  not  recommended,  however,  since  there  Is  a  danger  of  intensive 
grain  growth  and  an  Increase  in  the  amount  of  structurally  free  fer¬ 
rite,  phenomena  that  reduce  the  plasticity  and  impact  strength  of 
the  s;eel.  Selection  of  the  optimum  quenching  temperature  for  forg- 


ings  fabricated  from  a  given  type  of  steel  requires  careful  analysis 
of  the  location  of  the  5-ferrite  region  in  the  phase  diagram  (taking 
into  account  possible  deviations  in  the  contents  of  individual  ele¬ 
ments  within  the  limits  prescribed  by  the  chemical  composition  of 
the  type  of  steel  in  question)  and  experimental  determination  of  the 
critical  temperature  at  which  rapid  grain  growth  begins. 


Fig.  13.  Mechanical  properties  of  different  steels  at  20°C  as  a 
function  of  tempering  temperature  t.  a)  1X13  steel;  b)  1X17H2  steel 
( [NKMP ](HKM3)  data);  c)  3H802  steel  [1];  d)  X12B2M*  steel  (TsNIITmash 
data).  A)  kgf*m/cm2;  B)  kgf/mm2. 


Laboratory  experiments  have  established  that  the  phase  trans¬ 
formations  that  take  place  in  steels  of  the  type  under  considera¬ 
tion  during  prequenching  heating  go  to  completion  curing  the  first 
hour  [51],  so  that  a  longer  heating  time  is  not  required.  However, 
in  view  of  the  possibility  of  deviations  from  a  precise  temperature 
regime  under  industrial  conditions,  the  holding  time  at  the  quenching 
temperature  should  be  2-3  h  after  hc-atlng  is  complete  for  large  forg¬ 
ings  and  6  h  for  forgings  800-1000  mm  in  diameter. 

During  tempering  of  a  steel,  the  martensite  decomposes  to  form 
intermediate  structures  and  carbides  are  simultaneously  precipitated 
from  solid  solution.  The  Joint  action  of  these  two  factors  affects 
the  mechanical  properties  of  the  steel  at  normal  temperatures  and  its 
hot  strength. 

The  first  criterion  to  be  considered  in  selecting  the  tempering 
regime  is  the  combination  of  strength  and  plasticity  that  the  steel 
must  have.  The  proper  combination  is  achieved  by  choosing  an  appro- 


priatf.  tempering  temperature  and  time.  Figure  13  shows  the  varia¬ 
tion  in  the  mechanical  properties  of  certain  high-chromium  steels 
as  a  function  of  tempering  temperature.  In  bringing  critical  forg¬ 
ings  into  production,  the  optimum  tempering  temperature  should  be 
verified  experimentally  in  combination  with  a  definite  holding  time, 
using  actual  components. 

The  tempering  time  for  forgings  of  moderate  size  (up  to  300- 
400  mm  in  diameter)  usually  ranges  from  2  to  6-8  h  and,  like  the 
tempering  temperature,  directly  affects  the  mechanical  properties 
of  the  component.  For  example,  an  increase  in  tempering  time  from 
2  to  10  h  (at  725°C)  for  18X11M*6  steel  reduces  its  yield  strength 
from  68-?8  to  60-67  kgf/mm2  and  increases  its  relative  elongation 
from  12-17  to  16-21H  and  its  impact  strength  from  10-13  to  13-15 
kgf*m/cm2  [47].  In  setting  up  and  putting  into  practice  a  heat-treat¬ 
ment  regime,  it  is  therefore  very  important  to  correctly  determine 
the  instant  at  which  the  tempering  temperature  is  equilibrated  through¬ 
out  the  entire  forging  cross-seotion,  so  that  the  actual  holding  time 
corresponds  to  the  time  provided  by  the  regime. 

The  general  pattern  in  the  variation  in  the  mechanical  proper¬ 
ties  of  high-chromium  martensite  steels  as  a  function  of  tempering 
regime  is  the  same  at  elevated  temperatures  (up  to  500-600°C)  as  at 
normal  temperatures.  The  relationship  between  tempering  temperature 
and  long-term  strength  is  essentially  analogous  to  the  relationship 
between  tempering  temperature  and  strength  during  short-term  tests 
C ^7 3 •  However,  research  has  established  [52]  that  the  optimum  combina¬ 
tion  of  hot-strength  properties  in  high-chromium  steels  is  yielded 
by  a  combination  of  quenching  (which  is  best  double)  and  high  tem¬ 
pering,  which  yields  moderate  strength  characteristics.  Tempering  to 
very  hign  strengths  is  impermissible  from  the  standpoint  of  high- 
temperature  deformabllity .  In  particular,  the  technical  specifica¬ 
tions  for  15X11M$6  steel,  which  the  Leningrad  Metals  Plant  employs 
for  steam-turbine  housing  components,  stipulate  a  maximum  yield 
strength  (63  kgf/mm2). 

The  tempering  temperature  should  naturally  be  higher  than  the 
working  temperature  of  the  component  in  question,  in  order  to  avoid 
softening  of  the  metal.  The  tempering-temperature  range  600-750°C 
Is  therefore  of  practical  Interest  for  high-chromium  high-hot-strength 
steels.  In  addition  to  development  of  definite  mechanical  properties, 
effective  relief  of  internal  stresses  takes  place  at  this  temperature, 
which  is  of  no  small  Importance  for  large  forgings.  As  for  steels 
used  principally  as  corrosion-resistant  materials,  there  is  usually 
a  tendency  in  this  case  to  select  as  low  a  tempering  temperature  as 
possible,  thus  achieving  maximum  corrosion  resistance  C *»  1 .  A  low 
tempering  temperature  is  sometimes  selected  in  order  to  obtain  high 
steel  atrength,  even  though  it  results  in  reduced  plasticity  and  im¬ 
pact  strength.  The  large  internal  stresses  that  develop  in  large 
forgings  during  quenching  and  the  relatively  high  tempering  tempera¬ 
tures  required  to  relieve  them  are  not  always  taken  into  account  in 
this  case.  As  a  result,  cracks  and  local  discontinuities  can  develop 
in  large  forging3  of  complex  shape  under  the  action  of  internal 
stresses.  One  such  case  occurred  in  tempering  forged  wheels  of  2X13 
steel  about  500  mm  high  to  a  hardness  HB  >  280  (the  tempering  tempera¬ 
ture  was  530°C),  Deco  tears  appeared  in  the  metal  as  a  result  cf  the 
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substantial  Internal  stresses  and  their  redistribution  during  finish 
machining. 

Post  tempering  cooling  of  chromium  martensite  steels  takes  into 
account  the  characteristics  of  the  forging:  the  size,  shape,  and  pur¬ 
pose  of  the  components  and  the  characteristics  of  the  type  of  steel 
in  question.  Types  1X13,  2X13,  and  3X13  steel  are  subject  to  temper 
brittleness.  A  substantial  decrease  in  impact  strength  occurs  at 
tempering  temperature's  of  about  500-550°C.  When  these  steels  are 
tempered  at  higher  temperatures,  accelerated  cooling  of  the  forgings 
(at  least  in  air)  is  desirable.  Depending  on  the  individual  charac¬ 
teristics  of  the  melt,  slow  cooling  of  the  forgings  with  the  furnace 
causes  impact  strength  to  decrease  by  5-201  in  comparison  with  the 
levels  obtained  after  accelerated  cooling. 

However,  the  absolute  value  of  a  is  sufficiently  high  in  most 

n 

cases,  even  after  slow  cooling  with  the  fu  nice,  30  that  large  forg¬ 
ings  of  complex  shape  should  be  cooled  slowly  in  order  to  avoid  large 
residual  stresses  and  the  resultant  possibility  of  component  deforma¬ 
tion  during  finish  machining.  As  an  example,  we  can  cite  the  case  of 
forged  shafts  80-150  mm  in  diameter  and  about  2  m  long  fabricated 
from  2X13  steel  and  treated  to  Jo. 2  1  ^5  kgf/mm2.  in  many  cases, 
shafts  cooled  in  air  after  tempering  exhibit  impermissible  deforma¬ 
tion  after  final  machining.  Slow  cooling  with  the  furnace  reduces  the 
impact  strength  from  8-12  to  7-10  kgf*m/cm2  but  prevents  distortion 
of  the  shafts.  A  similar  pattern  has  been  shown  to  exist  for  compres¬ 
sor  wheels  fabricated  from  2X13  steel.  The  presence  of  a  thin  body, 
which  tends  to  warp  during  machining  as  a  result  of  redistribution 
of  the  residual  stresses,  makes  it  necessary  to  cool  the  forgings 
slowly  with  the  furnace,  despite  the  fact  that  this  somewhat  reduces 
their  impact  strength.  Small  forgings  or  more  massive  forgings  of 
rigid  design  are  cooled  in  air  after  tempering. 

Complex-alloyed  steels  based  on  ll-l1!?  chromium  and  1X17H2  steel 
exhibit  no  marked  tendency  toward  temper  brittleness.  They  are  there¬ 
fore  cooled  in  air  or  slowly  with  the  furnace  after  tempering,  depend¬ 
ing  on  the  size  of  the  component. 

Table  7  shows  typical  heat-treatment  regimes  for  certain  large 
forgings  produced  from  high-chromium  martensite  steels  and  used  In 
electrical  machine  building. 

The  prequenching  heating  regime  for  large  forgings  provides  for 
stacking  in  the  furnace  at  a  temperature  not  exceeding  30n  — i400°C  and 
a  slow  rise  in  temperature  to  700-800°C,  since  these  steels  have  low 
thermal  conductivity.  As  a  result  of  the  larger  thermal  stresses  pro¬ 
duced,  accelented  heating  can  cause  cracking  in  the  central  zone 
of  the  forgings.  Holding  at  700-800°C  is  desirable  to  equilibrate 
the  temperature  over  the  forging  cross-section.  Heating  from  700-800°C 
to  the  quenching  temperature  Is  carried  out  rapidly,  since  the  thermal 
conductivity  of  the  steel  is  markedly  increased  and  this  factor  no 
longer  has  any  effect.  It  is  desirable  that  the  heating  time  in  the 
high-temperature  region  be  as  short  as  possible,  in  order  to  avoid 
extreme  grain  vrowth. 


The  time  for  which  the  blank  is  held  in  oil  during  quenching 
should  ensure  that  its  central  region  is  cooled  to  the  temperature 
necessary  for  complete  decomposition  of  the  austenite,  e.g.,  150- 
170°c  for  3H802  steel. 


Pretempering  heating  of  large  forgings  is  conducted  at  slow 
speeds,  not  exceeding  60-70  deg/h  for  components  with  a  cross-section 
of  500-700  mm  and  30-^0  deg/h  for  components  with  a  cross-section  of 
more  than  800  mm.  The  furnace  temperature  during  charging  generally 
does  not  exceed  400-500°C.  Such  heating  regimes  are  dictated  by  the 
attempt  to  reduce  internal  stresses  to  a  minimum,  since  large  stress¬ 
es  can  cause  cracking  and  warping  of  the  components .  For  the  same 
reason,  post  tempering  cooling  with  the  furnace  is  carried  out  at 
rates  not  exceeding  30-^0  deg/h  (depending  on  the  blank  cross-sec¬ 
tion)  .  We  must  again  emphasize  the  pattern  found  for  the  influence 
of  cooling  rate  (from  the  tempering  temperature)  on  the  residual 
stresses  in  forgings  [53],  which  decrease  with  the  rate  at  which  the 
forgings  are  cooled  through  the  temperature  region  in  which  the  elas¬ 
tic-plastic  state  exists,  i.e.,  from  about  750  to  400°C.  The  influence 
of  the  cooling  rate  at  lower  temperatures  is  slight  in  most  cases  and 
is  of  no  serious  practical  significance.  It  is  therefore  generally 
inexpedient  to  cool  forgings  with  the  furnace  to  very  low  tempera¬ 
tures,  e.g.,  100-150°C,  as  is  done  at  some  plants.  Even  very  large 
forgings  can  be  cooled  in  air  from  250-300°C. 


TABLE  7 

Heat-Treatment  Regimes  for  Certain  Forgings  Produced  from  High-Chrom¬ 
ium  Martensite  Steels 
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°C;  6)  holding  time,  h;  7)  medium;  8)  tempering;  9)  post  tempering 
cooling;  10)  shaft  with  body  diameter  of  150  mm  and  length  of  2500  mm; 
11)  wheel  with  cross-section  of  120  mm  at  hub;  12)  rotor  with  bevel 
diameter  of  750  mm;  13)  wheel  200  mm  high;  14)  wheel  with  hub  height 
of  100  mm;  15)  wheel  with  hub  height  of  3^0  mm;  16)  rotor  with  bevel 
diameter  of  700  mm;  17)  pipes,  T-joints,  and  other  components  with 
cross-sections  of  up  to  ^00  mm;  18)  but  no  greater  than;  19)  aid;  20) 
oil;  21)  with  furnace  to  300°C;  22)  in  air;  23)  with  furnace  to  250°C. 


Forgings  of  Austenite  Steels 

The  heat-treatment  regime  for  forgings  of  austenite  steels 
usually  consists  in  two  principal  operations:  austenitization 
(quenching)and  stabilisation  tempering. 

The  purpose  of  the  first  operation  is  to  dissolve  the  harden¬ 
ing  phases  (carbifs,  intermetailic  compounds,  etc.)  in  the  y-solid 
solution  and  saturate  it  with  alloying  elements.  The  optimum  harden¬ 
ing-phase  solution  temperature  depends  on  the  individual  character¬ 
istics  of  the  alloy,  but  a  general  pattern  observed  in  the  process 
that  occurs  wi.ur  an  austenite  steel  is  heated  is  that  solution  and 
coagulation  of  submicroscopic  particles  begins  as  the  temperature 
is  raised,  while  solution  of  the  large  coagulated  particles  occurs 
at  a  very  high  temperature  ( 1000-1200°C) .  There  is  a  simultaneous 
increase  in  the  size  of  the  austenite  grains  during  high-temperature 
heating,  so  that  the  austenitization  temperature  should  be  selected 
in  such  fashion  as  to  ensure  the  requisite  hardening-phase  solution 
and  yet  not  cause  extremely  severe  austenite-grain  growth.  These 
phenomena  are  progressive  with  time  and  both  the  austenitization 
temperature  and  the  holding  time  therefore  play  a  material  role; 
the  holding  time  at  a  given  temperature  should  ensure  completion  of 
all  the  reactions  associated  with  solution  of  the  alloying  elements 
in  the  Y-solld  solution  and  hold  the  austenite-g^aln  enlargement 
within  suitable  limits. 

After  appropriate  holding  at  the  austenitization  temperature, 
the  forgings  are  cooled  in  a  quenching  medium  at  a  rote  adequate 
to  fix  the  saturated  solid  solution  produced  during  heating.  The 
quenching  medium  for  most  austenite  steels  is  water.  An  austenitized 
steel  has  a  somewhat  lower  hardness  than  that  yielded  by  hot  mechan¬ 
ical  working. 

The  optimum  quenching  temperature  for  many  austenite  steels  is 
1 100-1?00°C .  The  importance  of  effective  prequenching  heating  of  the 
forgings  must  be  emphasized.  This  operation  is  intended  mainly  to 
produce  monophastc  high-alloy  austenite.  The  higher  the  temperature 
to  which  the  steel  Is  heated,  the  more  rapid  is  solution  of  the 
hardening  phases  and,  consequently,  the  more  completely  are  they 
driven  Into  solid  solution.  Since  rapid  austenite-grain  growth  be¬ 
gins  only  after  the  carbides  nave  dissolved,  it  is  possible  to  ob¬ 
tain  sufficiently  complete  solution  of  the  phases  with  only  a  moder¬ 
ate  Increase  In  grain  size  by  selecting  the  appropriate  heating- 
temperature  regime  and  adhering  strictly  to  It  in  practice. 


-  Hit  - 


1 


The  quenching  temperature  has  a  strong  effect  on  the  mechanical 
properties  of  the  steel  at  normal  and  elevated  temperatures,  as  well 
as  on  its  hot  strength  and  corrosion  resistance.  It  has  been  estab¬ 
lished  [473  that  quenching  from  temperatures  thac  ensure  complete 
solution  of  carbides  and  other  precipitated  phases  not  only  substan¬ 
tially  increases  the  plasticity  and  impact  strength  of  steel  at  20°C 
but  also  raises  its  high-temperature  strength.  However,  an  overly 
high  quenching  temperature  is  impermissible  because  of  the  rapid 
grain  growth  and  the  tendency  of  some  steels  in  which  the  y-  and 
a-forming  elements  lie  along  the  boundaries  of  the  austenite  region 
toward  precipitation  of  a  ferrite. 

The  holding  time  at  the  optimum  temperature  established  for 
each  specific  type  of  steel  should  ensure  that  all  the  various 
phases  are  driven  into  solid  solution  and  yet  not  be  overly  long, 
in  order  to  avoid  Impermissibly  severe  grain  growth.  Proper  selec¬ 
tion  of  the  heating  regimes  for  forgings  of  different  shapes  and 
configurations,  especially  those  with  large  cross-sections,  is  thus 
very  important.  The  heating  regime  should  be  such  that  the  forging 
temperature  at  the  instant  when  grain  growth  begins  is  virtually 
the  same  throughout  its  entire  cross-section,  which  makes  it  pos¬ 
sible  to  employ  the  minimum  holding  time  at  high  temperatures  re¬ 
quired  for  solution  of  the  hardening  phases  and  still  obtain  rela¬ 
tively  small  and  uniform  grain  enlargement. 

An  imperfect  understanding  of  the  nature  of  the  internal  pheno¬ 
mena  that  occur  in  an  austenite  steel  during  prequenching  heating 
and  the  role  of  the  minimum  permissible  temperature  sometimes  gives 
rise  to  attempts  to  somewhat  reduce  the  quenching  temperature  by 
prolonging  the  holding  time.  It  must  be  kept  in  mind  that  prolonged 
holding  at  a  comparatively  low  temperature  leads  only  to  solution 
of  the  small  hardening-phase  particles  and  coagulation  of  the  large 
ones  [54],  having  no  effect  in  promoting  solution  of  the  large  coagu¬ 
lated  particles;  it  is  therefore  impossible  to  compensate  for  a  re¬ 
duction  in  quenching  temperature  by  prolonging  the  heating  time. 

Cooling  of  the  forgings  after  holding  at  the  quenching  tempera¬ 
ture  should  be  rapid,  in  order  to  fix  the  supersaturated  solid  solu¬ 
tion,  and  Is  usually  carried  out  in  water,  which  ensures  that  no 
carbides  are  precipitated  over  the  range  900-450°C. 

The  principal  elements  of  quenching  regimes  for  austenite  steels 
are  the  heating  temperature,  holding  time,  and  cooling  medium,  which 
are  established  experimentally  for  each  specific  type  of  steel. 

There  are  different  reasons  for  including  tempering  in  the 
overall  heat-treatment  cycle  for  austenite-steel  forgings  intended 
for  use  as  high-hot-strength  and  ccrrosion-resistant  materials. 

In  the  first  case,  tempering  (aging)  is  dictated  mainly  by  the  rela¬ 
tively  high  working  temperatures  and  the  need  to  ensure  that  the 
metal  has  a  stable  structure  and  properties  under  working  condi¬ 
tions.  During  heating  and  prolonged  operation  of  components  at 
550-600°C  or  above,  the  alloyed  y-solid  solution  produced  by  quench¬ 
ing  tends  to  go  into  a  more  nearly  equilibrium  state:  carbides  and 
other  hardening  phases  are  precipitated  from  the  colid  solution, 
which  is  sometimes  accompanied  by  various  volumetric  changes.  More¬ 
over,  the  stress  and  temperature  distributions  over  *he  crosn-sec- 
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tion  of  a  component  are  nonuniform  under  machine  operating  conditions, 
so  that  the  structural  changes  that  take  place  are  also  nonuniform, 
which  reduces  component  reliability  by  creating  substantial  hetero¬ 
geneity  of  properties. 

Tempering  a  quenched  high-hot-strength  steel  at  a  temperature 
that  exceeds  the  component  working  temperature  by  100-200°C  leads  to 
precipitation  of  the  maximum  amount  of  finely  dispersed  hardening- 
phase  inclusions  from  the  austenite  and  stabilization  of  component 
size  and  metal  structure  and  properties  at  lower  temperatures.  The 
mechanical  properties  and  hot  strength  of  a  quenched  steel  are  in¬ 
creased  by  aging.  The  fact  that  some  types  of  complex-alloyed  dis¬ 
persion-hardening  steels,  such  as  3H612,  acquire  high  hot  strength 
is  specifically  based  on  this  phenomenon. 

The  principal  factors  affecting  the  results  of  tempering  of 
austenite  steels  are  the  tempering  temperature  and  time.  These 
elements  of  the  heating  regime  are  selected  on  the  basis  of  experi¬ 
mental  data,  in  such  fashion  as  to  ensure  the  requisite  dispersion 
of  secondary-phase  inclusions  and  produce  the  proper  quantitative 
composition,  these  factors  being  directly  related  to  the  hardening 
effect  and  hot  strength  of  austenite  steels. 

The  importance  of  tempering  time  must  be  specially  emphasized. 
Prolongation  of  tempering  is  equivalent  to  an  increase  in  tempering 
temperature,  i.e.,  the  two  elements  of  the  regime  are  interrelated, 
so  that  the  tempering  time  should  be  strictly  stipulated  when  the 
optimum  tempering  temperature  has  been  established. 

After  tempering,  relatively  large  forgings  are  cooled  with  the 
furnace  to  200-J»00°C  and  then  in  air.  Slow  cooling  of  forgings  with 
the  furnace  la  undesirable  in  principle,  since  it  can  lead  to  addi¬ 
tional  solid-solution  decay.  However,  this  operation  is  unavoidable 
for  certain  forgings,  such  as  turbine  wheels,  since  tempering  also 
reduces  the  internal  stresses  in  the  component  to  a  minimum. 

Large  austenite-steel  forgings  whose  decisive  characteristic 
is  corrosion  resistance  rather  than  hot  strength  are  also  tempered 
after  austenitization,  but  these  operations  have  only  one  purpose: 
to  relieve  internal  stresses.  The  operating  temperature  for  such 
components  is  usually  low  and  stabilization  tempering  is  therefore 
not  required.  On  the  other  hand,  it  is  very  desirable  to  restrict 
the  heat  treatment  of  the  forgings  to  quenching  (austenitization) 
alone  in  order  to  obtain  high  resistance  to  intercrystalline  cor¬ 
rosion,  since  steels  in  this  state  have  the  greatest  chemical  stab¬ 
ility,  However,  large  components  require  tempering  to  relieve  internal 
stresses,  which  are  impermissibly  large  after  austenitization.  Forg¬ 
ings  with  simple  shapes  and  relatively  small  cross-sections  are  sub¬ 
jected  only  to  quenching. 

As  was  pointed  out  above,  the  heat-treatment  regimes  for  aus¬ 
tenite  steels  that  best  conform  to  component  operating  conditions 
are  selected  experimentally.  Table  8  shows  quenching  and  tempering 
regimes  for  certain  common  austenite  steels  employed  as  high-hot- 
rtrength  cr  corros ion-res istar.t  materials  In  large  forged  wheels 
and  other  components  for  stationary  gas  turbines. 
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TABLE  8 

Heat-Treatment  Regimes  for  Forgings  of  Certain 
High-hot-Strength  Austenite  Steels 


1 

M«pm  cta.ia 

2 

TrxnapaTypa 

majiKH, 

M 

Cp»A»  OXJtaMJMMMR 
npa  liMaa* 

PrWHM  ornycxa  I 

*•  (crapaaaa)  1 

^Tawnaparypa . 
•C 

HOCTb,  « 

X1SH9T 

XI8HI2M2T 

1080-1100 

7  Boa* 

800-830 

750-780 

8-15  | 

|  XI8H2282T2  J  1050-1080  j  •BoMyx 

720-750 

15-20 

911405 

to 

3U572  :  1150—1180 

7  BoJa 

750-770 

15 

j  2HI395  ‘  1170-1190 

700-720 
“800 — 620 

50 

10 

}  1 

;  311726  1 130— II 70 

I 

1 

•Bowyx  .  750-770 

! 

25  j 

i 

;3k  , l0sc-1100 

7  R„,,  !  850-870 

BoJ*  :  700-720 

10 

35-50  j 

1)  Type  cf  steel;  2)  quenching  temperature,  °C;  3)  quenching  medium; 

4)  tempering  (aging)  regime;  5)  temperature,  °C;  6)  time,  h;  7)  water; 
8)  air;  9)  water  or  air. 


The  holding  time  at  the  quenching  temperature  depends  on  the 
size  of  the  forging  and  is  usually  2-4  h (after  the  component  cross- 
section  has  been  completely  heated).  Tempering  is  not  obligatory  for 
small  and  medium  ~-*rgings  of  X18H9T  and  X18H12M2T  steels  but  it  is 
necessary  for  large  forgings,  in  order  to  relieve  residual  stresses. 

In  these  cases,  the  tempering  time  is  set  in  accordance  with  the 
size  and  shape  of  the  component. 

The  tempering  temperature  for  forgings  of  X18H9T  steel  is  se¬ 
lected  to  yield  the  highest  resistance  to  intercrystalline  corro¬ 
sion.  Reducing  the  tempering  temperature  to  750-770°C  increases  the 
susceptibility  of  the  steel  to  such  corrosion  ard  is  therefore  im¬ 
permissible. 

The  high-hot-strength  steels  3M612  anti  3nbxc'<  are  subjected  to 
double  aging  at  850-870  and  700-720°C,  which  is  most  effective  from 
the  standpoint  of  precipitation  of  dispersed  hardening-phase  particles. 
The  duration  of  the  second  aging  depends  on  the  titanium  content  of 
the  melt  in  question:  it  is  reduced  as  the  titanium  content  increases 
[2],  Double  tempering  is  generally  also  employed  for  3H395  steel. 

The  preaustenitizatlon  or  pretempering  heading  rate  and  the 
post- tempering  cooling  regime  depend  on  th»  specific  type  of  steel 
and  on  the  individual  characteristics  of  the  forging  (site  and  ron- 
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figuration).  Despite  the  absence  of  phase  transitions,  heating  to 
900-1000°C  is  carried  out  at  a  relatively  low  rate,  because  of  the 
low  thermal  conductivity  of  austenite  steels  and  the  large  tempera¬ 
ture  gradient  over  the  forging  cross-section.  Further  heating  at 
higher  temperatures  is  rapid,  while  the  nolding  time  at  the  austen¬ 
itization  temperature  is  minimal.  Such  heating  protects  the  forged 
metal  from  extremely  severe  grain  growth. 

The  working  regimes  for  heat  treatment  of  gas-turbine  wheels 
with  a  hub  height  of  about  300  mm  fabricated  from  the  high-hot- 
strength  austenite  steels  3M572  and  3M612  (boat  treatment  after 
trimming}  are  given  below  as  examples. 

Wheels  of  3H572  steel 

Quenching 

1.  Loading  into  furnace  heated  to  temperature  not  above  600°C. 

2.  Holding  at  charging  temperature  for  2-3  h. 

3.  Heating  to  1000-1050°C  at  rate  of  no  more  than  60  deg/h. 

4.  Holding  at  1000-1050°C  for  2  h. 

5.  Heating  at  maximum  rate  permitted  by  furnace  to  1150-ll8o°C. 

6.  Holding  at  1150-llS0°C  for  1.5  h. 

7.  Cooling  iri  water  to  200°C. 

Tempering 

1.  Loading  into  furnace  heated  to  temperature  not  above  500°C. 

2.  Holding  at  charging  temperature  for  2  h. 

3.  Heating  to  750-770°C  at  rate  of  no  more  than  80  deg/h. 

4.  Holding  at  750-770°C  for  15  h. 

5.  Cooling  with  furnace  to  4006C  at  rate  of  no  more  than  40  deg/h. 

6.  Further  cooling  in  air. 

Wheels  of  3H612  steel 
Quenching 

1.  Loading  into  furnace  at  temperature  not  above  600°C. 

2.  Holding  at  charging  temperature  for  3-4  h. 

S .  Heating  to  980-1000°C  at  rate  of  no  more  than  50  deg/h. 

4.  Holding  at  980-1000°C  for  2  h. 

5.  Heating  at  maximum  rate  permitted  by  furnace  to  1090°C 

(  +  10«>c). 

6.  Holding  at  1080-1100°C  for  1.5  h. 

7.  Cooling  in  water  to  200°C. 

Tempering 

1.  Loading  into  furnace  at  temperature  not  above  500°C. 

2.  Holding  at  charging  temperature  for  2  h. 

?,  Heating  to  850” C  at  rate  of  no  more  than  80  deg/h. 

4.  Holding  at  850°C  (after  temperature  equilibration)  for  10  h. 
Cooling  with  furnace  to  700°C. 

6.  Holding  at  700°C  for  35-50  h  (depending  on  titanium  content 
of  melt) . 
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7.  Cooling  with  furnace  to  300°C  at  rate  of  no  more  than  30  deg/h 

8.  Further  cooling  in  air. 


Chapter  6 

INVESTIGATION  AND  EXPERIENCE  IN  PRODUCTION  OF  FORGINGS  FROM  PERLITE 
SPECIAL  STEELS 

15.  GAS-TURBINE  WHEELS  OF  3H415  STEEL 

Among  the  special  features  of  gas-turbine  wheels  (Pig.  Ik) 
are  the  lack  of  a  central  aperture  and  a  large  ratio  cf  hub  height 
to  wheel  diameter.  This  wheel  shape  is  regarded  as  comlex  and  tech¬ 
nologically  unsuitable  in  metallurgical  terms,  since  effective  meas¬ 
ures  for  mechanical  working  of  the  central  zones  of  the  forging, 
which  are  formed  from  the  axial  regions  of  the  ingot,  are  very  limit¬ 
ed. 


The  wheels  are  subjected  to  etching  of  their  faces  and  ultrasonic 
quality  control.  Macrodefects  and  internal  flaws  in  the  metal  are  im¬ 
permissible.  The  metal  throughout  the  entire  volume  of  the  wheel 
should  have  high  mechanical  properties  lr  the  tangential  direction, 
satisfying  the  following  norms:  >  G2  k'Vmm*-,  a,  >  76  kHmm >  35%; 

a„  >  4,0  kTm'cm j. 

When  the  wheel  contains  no  central  aperture,  these  requirements 
necessitate  complete  welding  up  of  shrinkage  defects  in  the  ingot 
and  creation  of  deformation  conditions  that  promote  radial  metal 
flow  in  the  areas  of  the  forging  adjoining  the  faces. 

Solution  of  these  problems  for  3MIJ15  steel  presented  no  diffi¬ 
culties:  use  of  an  ingot  weighing  1,5  t  and  then  of  one  weighing 
2.5  t  for  two  forgings  and  intermediate  upsetting  of  the  billet 
ensured  welding  up  of  axial  defects  in  the  ingot  and  provided  the 
requisite  working  of  the  central  regions  of  the  wheel  without  any 
special  forging  techniques. 

Figure  15  shows  a  forged  wheel  with  its  trimmed  dimensions, 
while  Fig.  16  shows  the  technological  forging  pattern  for  an  ingot 
weighing  2.5  t  (60t  yield).  Ail  the  forging  operations  were  carried 
out  in  a  press  exerting  a  force  of  2000  t  over  the  temperature  range 
1180-800°C,  wltn  four  passes.  A  flat  upper  die  block  and  a  cutaway 
lower  olock  were  used  for  drawing,  while  movable  die  blocks  were 
used  for  chasing  the  wheel  body.  The  final  forging  operations,  i.e., 
upsetting  of  tb.e  blank  from  780  to  350  mm  and  chasing  of  both  faces 
on  a  platen  and  liner  ring,  were  conducted  in  a  single  pass. 
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Pig.  16.  Technological  forging 
pattern  for  producing  wheel  from 
ingot  weighing  2.5  t.  I -VI) 
forging  sequence. 
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Pig.  17.  Mechanical  properties  of  experimental  wheels  heat-treated 
to  different  strengths.  The  solid  line  represents  data  at  the  peri¬ 
phery  of  the  hub  (standard  ring  for  mechanical  tests),  while  the 
dashed  line  represents  data  for  the  center  of  the  hub.  1)  kf;f*m/cm* 
2)  kgf/mm*;  3)  wheel  number. 
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TABLE  9 

Mechanical  Properties  of  Wheels  Forged  from  Ingots  from  Different 
Melts  ( 3M l|  1 5  Steel) 


XMMItHCCMlft  COCT.1II  (MAD* If.  % 


Mn  |  Cr  j  Nl  I  Mo  W 


AllCh* 


MoiAiiH'lfCKiir  Cfioftt  rna  npH  'Ji°  c 
a. .  I  o.  I  4  *  1  i  i 
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0,024  0,023 


)i  * r/MM‘ 
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9.3 
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,22  0,39 


0,17  0.48  0,50  0,020  0,021 
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85.3 
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1)  Chemical  composition  of  melt,  %\  2)  Wheel  No.;  3)  mechanical 
properties  at  20°C;  4)  kgf/mm2;  5)  kgf*m/cm2;  6)  hardness  HB;  7) 
at  550°C,  kgf/mm2. 


It  was  very  indicative  that  the  values  of  6,  ip,  and  an  were  not 

below  those  stipulated  by  the  technical  specifications  even  in  the 
central  portion  of  the  wheel  when  a0.2  was  less  than  90  kgf/mm2 
(Pig.  17). 

After  heat  treatment  and  mechanical  testing,  the  wheels  are 
subjected  to  ultrasonic  quality  control  with  an  y3fl-7n  apparatus 
operating  at  a  frequency  of  2.5  MHz.  The  entire  wheel  volume  was 
monitored  from  one  face  side  of  the  hub  and  body.  The  size  of  the 
defects  was  determined  by  comparing  the  amplitude  of  the  signal 
reflected  from  *he  defect  with  that  of  the  signal  from  a  control 
aperture  in  a  standard  specimen. 

Statistical  analysis  of  the  results  obtained  in  ultrasonic 
quality  control  of  70  wheels  yielded  the  following  data:  eight 
wheels  exhibited  from  one  to  five  small  scattered  defects  of  the 
nonmetallic-inclusion  type  up  to  3  mm  in  diameter,  principally  in 
the  horizontal  axial  plane.  One  wheel  contained  two  defective  zones 
with  areas  of  50  and  8  cm2  and  a  number  of  isolated  defects  in  the 
vicinity  of  the  hub,  at  a  depth  of  100-200  mm.  No  internal  defects 
in  the  metal  were  detected  in  any  of  the  other  forgings.  Of  the  60 
wheels,  only  the  one  with  defective  zones  was  considered  unsuitable 
and  rejected.  This  wheel  was  subsequently  sectioned  and  examined: 
the  defective  zones  were  found  to  be  aggregates  of  nonmetallic 
inclusions . 

After  final  treatment,  the  wheels  were  etched  with  15  per  cent 
ammonium  sulfate  and  10  per  cent  nitric  acid  and  the  hub  surface  and 
the  face  surfaces  of  the  rim  and  body  were  subjected  to  macroscopic 
examination.  All  59  of  the  wheels  checked  were  acceptable:  no  defects 
that  disrupted  the  continuity  or  homogeneity  of  the  metal  were  detect¬ 
ed  in  the  etched  surfaces. 

Impact-test  specimens  cut  from  2-3  wheels  fabricated  from  the 
steel  of  each  melt  were  used  to  check  the  microstructure  of  the  me¬ 
tal,  which  was  found  to  consist  of  sorbite  with  a  weak  martensite 
orientation  in  all  cases.  The  metal  had  adequate  structural  homo¬ 
geneity  . 

The  fact  that  the  etching  and  ultrasonic  monitoring  revealed 
neither  external  defects  nor  internal  discontinuities  in  the  metal 
In  any  of  the  wheels  confirms  the  reliability  of  the  technological 
process,  particularly  the  weight  and  shape  of  the  ingots  employed 
and  the  procedures  used  in  forging  the  wheels.  Since  most  of  the 
forgings  were  fabricated  from  elongated  ingots,  our  experience 
confirms  that  use  of  such  ingots  for  very  complex  wheels  of  3M^15 
steel  intended  for  critical  applications  yields  fully  satisfactory 
results. 
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The  variation  in  strength  and  plasticity  in  the  interior  of  the 
forgings  was  checked  by  sectioning  and  mechanical  testing  of  differ¬ 
ent  portions  of  one  wheel.  We  also  sectioned  a  second  wheel  forged 
from  the  same  steel  melt  by  a  modified  version  of  the  technological 
process  (without  intermediate  upsetting  of  the  ingot) .  This  second 
wheel  was  investigated  in  order  to  study  the  influence  of  the  re¬ 
duction  ratio  on  the  welding  up  of  shrinkage  defects  in  the  ingot 
and  the  mechanical  properties  of  the  metal  in  different  areas  of 
the  forging. 


Fig.  18.  Graphs  representing  variation  in  mechanical  properties  of 
wheels  forged  with  (solid  lines)  and  without  (dashed  lines)  inter¬ 
mediate  upsetting,  a)  In  tangential  direction;  b)  in  radial  direc¬ 
tion;  c)  in  axial  direction.  \)  kgf*m/cml;  2)  kgr/mm* . 


In  order  to  make  a  reliable  comparison,  both  wheels  were  forged 
from  elongated  ingots  of  steel  from  the  same  melt  (containing  0.20$ 
C,  0.28#  Si,  0.'<7#  Mn,  3.00#  Cr,  0.23#  Nl,  0.52#  Mo,  0.65#  V,  0.33# 


0 .019%  S,  and  0.013/S  P).  The  steel  was  smelted  and  cast  in  accord¬ 
ance  with  plant  specifications.  The  ingots  were  delivered  hot  to 
the  press  shop  and  loaded  into  the  furnace  for  preforging  heating 
with  a  surface  temperature  of  580-650°C. 

The  heating  regimes  fcr  the  ingots  and  intermediate  blanks,  the 
deformation  regimes,  and  the  forging-temperature  regimes  corresponded 
to  the  technological  norms  established  for  commercial  wheels.  The 
forging  procedure  for  the  second  wheel  differed  from  the  normal  pat¬ 
tern  in  omitting  intermediate  upsetting  and  subsequent  drawing  of 
the  upset  ingot.  As  a  result,  the  technological  cycle  was  reduced  to 
two  passes. 

The  initial  heat  treatment,  cooling,  trimming,  and  final  heat 
treatment  of  the  experimental  forgings  were  carried  out  in  accord¬ 
ance  with  the  instructions  in  effect  in  the  shops  and  therefore  en¬ 
sured  identical  conditions  for  the  operations  governing  the  mechani¬ 
cal  properties  of  the  experimental  and  production  wheels. 

Macroscopic  examination  and  ultrasonic  defectoscopy  revealed 
no  defects  in  either  experimental  forging. 

Radial  sections  were  cut  from  the  wheels  and  their  surface 
was  carefully  examined  after  grinding  and  etching.  None  of  them 
exhibited  any  macroscopic  defects  of  a  metallurgical  character. 

The  results  of  the  mechanical  tests  performed  on  the  sections 
are  presented  in  Pig.  18,  in  the  form  of  graphs  representing  the 
variation  in  mechanical  properties  over  the  height  and  radius  of 
the  wheels  in  the  tangential,  radial,  and  axial  directions. 

The  strength  characteristics  o0,2  and  in  the  tangential 

direction  (Pig.  18a)  remained  almost  constant  over  the  entire  wheel 
volume,  exhibiting  only  a  slight  tendency  to  increase  from  one  face 
of  the  wheel  to  the  other.  The  difference  in  o0.2  and  was  due  to 

a  slight  nonuniformity  of  tempering  and  did  not  exceed  5-6  kgf/mm2 , 
with  the  absolute  values  a0.2  ■  70-75  kgf/mm2  and  *  78—84  kgf/mm2. 

Comparison  of  the  strength  of  the  face  and  internal  zones  of  the 
wheels  indicated  that  the  metal  had  high  temperabiltty .  There  was 
no  material  difference  in  the  strengths  of  the  wheels  forged  under 
different  technological  regimes  (with  and  without  intermediate  up¬ 
setting  of  the  ingot). 

The  relative  elongation  6  had  uniform  values  in  all  portions 
of  both  wheels  and  did  not  fall  below  13*.  The  relative  necking  <|> 
had  its  highest  value  in  the  vicinity  of  the  horizontal  axial  plane, 
where  it  reached  60-68*,  i.e.,  a  level  even  higher  than  in  the  peri¬ 
pheral  portions  of  the  wheel  body.  This  was  due  to  the  higher  reduc¬ 
tion  actually  obtained  in  this  zone.  The  values  of  <f>  were  somewhat 
reduced  in  the  face  portions  of  the  wheels,  especially  at  the  center 
of  the  hub,  but  did  not  fall  below  40*,  which  must  be  regarded  as 
quite  satisfactory  when  conjoined  with  o»t<  ■  73-76  kgf/mm  .  Over 
most  of  the  wheel  volume,  the  relative  reduction  in  area  was  50-60* 
in  the  vicinity  of  the  hub  and  60-65 *  in  the  body. 
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Pig.  19.  Rat  '  of  mechanical  properties  of  experimental  wheels  in 
radial  and  tangential  directions,  a)  Wheel  with  intermediate  upset 
ting;  b)  wheel  without  intermediate  upsetting. 
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Jam 


The  forging  variant  had  some  effect  on  the  relative  necking, 
causing  a  slight  decrease  in  this  index  in  the  wheel  forged  with¬ 
out  intermediate  upsetting.  For  example,  #  *  42-51*  in  the  face 
zones  of  the  central  portion  of  the  hub  in  the  wheel  forged  with 
intermediate  upsetting  and  <J»  *  40-47*  in  the  corresponding  zones 
of  that  forged  without  ' -’termediate  upsetting;  the  figures  for  the 
interior  regions  of  the  hue  were  60-68  and  50-b0*  respectively. 

The  impact  strength  an  of  the  wheels  forged  in  both  variants 

were  roughly  the  same  and  were  sufficiently  high.  The  lowest  value 
occurred  in  one  face  of  the  central  portion  of  the  hub,  where  an  * 

■  4.5  kgf’tn/cm*;  the  values  for  the  other  portions  of  the  wheels 
were  higher,  reaching  8-12  kgf»m/cm2. 

The  overall  pattern  of  the  variation  in  mechanical  properties 
in  the  radial  direction  (Fig.  18b)  was  similar  in  character  to  that 
in  the  tangential  properties,  the  only  difference  being  that  the 
relative  necking  had  more  consistent  values  over  the  wheel  height. 

The  properties  of  the  two  wheels  can  be  regarded  as  equivalent:  the 
somewhat  lower  yield  strength  and  ultimate  strength  obtained  for  the 
wheel  forged  without  intermediate  upsetting  were  compensated  for  by 
its  increased  plasticity  and  impact  strength. 

Figure  19  showr  the  ratio  of  the  principal  mechanical  properties 
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c o .  ^ ,  ip,  and  an  in  the  radial  and  tangential  directions.  The  ratio 
o~ —  remained  almost  constant  over  the  height  of  both  wheels,  at 
about  100!!;  the  ratios  1-—  «>a  — — —  were  minimal  in  the  vertical  mid- 

l™**  °MmaN4 

section  of  the  forgings  but  amounted  to  85-9?)!  in  the  wheel  with  in¬ 
termediate  upsetting  (Pig.  19a)  and  105-107)!  in  the  wheel  without 
intermediate  upsetting  (Pig.  19b) . 

The  graph  representing  the  variation  in  the  mechanical  proper¬ 
ties  of  the  forgings  in  the  axial  direction  was  very  indicative. 

There  was  a  distinct  tendency  toward  an  abrupt  decrease  in  plasticity 
from  the  faces  toward  the  horizontal  axial  plane,  especially  at  the 
center  of  the  hub.  Por  example,  the  decrease  in  <p  over  this  region 
was  characterized  by  the  following  data:  ip  -  *12-635!  in  the  vicinity 
of  the  faces  and  ip  *  lS%  in  the  vertical  midsection.  The  impact 
strength  a  equaled  6-8  and  1-2  kgf*m/cm2  respectively.  The  change 

in  strength  characteristics  was  relatively  small. 

The  decrease  in  metal  plasticity  in  the  vicinity  of  the  hori¬ 
zontal  axial  plane  can  be  attributed  to  the  physical  characteristics 
of  the  deformation  undergone  by  this  zone  during  upsetting,  since  it 
is  the  boundary  between  two  opposing  metal  flows,  where  deformation 
of  nonmetallic  inclusions  takes  place  most  rapidly.  The  thin  nonmetal- 
lic  films  formed  here  have  no  material  influence  on  the  mechanical 
properties  of  the  forging  in  the  tangential  direction,  but  they  are 
the  principal  factor  responsible  for  the  sharp  decrease  in  metal 
plasticity  in  the  axial  direction. 

The  actual  degree  of  upsetting  decreased  from  a  maximum  in  the 
vicinity  of  the  horizontal  axial  plane  toward  the  faces  of  the  wheels. 
At  the  same  time,  the  fibers  deviated  more  and  more  from  the  radial 
direction.  There  was  accordingly  a  decrease  in  the  total  surface  of 
the  metallurgical  defects  in  the  fracture  planes  for  the  axial  speci¬ 
men,  which  promoted  an  Increase  in  metal  plasticity  in  the  axial 
direction. 

It  is  natural  to  presume  that  the  maximum  decrease  in  plasticity 
in  the  axial  direction  in  the  vertical  midsection  of  a  wheel  should 
occur  in  those  areas  most  highly  saturated  with  liquates  and  other 
defects  of  a  metallurgical  character,  i.e.,  in  the  central  zone. 

Except  for  Isolated  deviations,  this  pattern  was  actually  confirmed 
experimentally.  In  Pig.  18c,  for  example,  the  values  of  the  most 
sensitive  plasticity  characteristic,  tji,  increase  continuously  from 
the  center  of  the  hub  to  its  periphery. 

The  forging  variant  had  little  effect  on  tne  mechanical  proper¬ 
ties  of  the  wheels  in  the  axial  direction  and  the  overall  pattern 
of  the  variation  in  the  principal  plasticity  characteristics  In  dif¬ 
ferent  zones  of  the  forgings  was  virtually  the  same  for  both  variants. 

The  ratio  of  the  mechanical  properties  of  the  wheels  in  the 
axial  and  tangential  directions  (Pig.  20)  exhibited  markedly  reduced 
values  in  the  vicinity  of  the  horizontal  axial  plane  at  the  center 


-  99  - 


Mg.  f.O.  Ratio  of  mechanical  properties  of  experimental  wheels  in 
axial  and  tangential  directions  at  center  (a  and  b)  and  periphery 
ic  ana  d)  of  hub.  a,  c)  Wheels  with  Intermediate  upsetting;  b,  d) 
wheels  without  intermediate  upsetting.  ' 
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of  the  hub,  where  was  about  25*  and 


15 


The  ratio 


torn 


I***,  increased  to  45-50*  in  the  peripheral  region  of  the  hub,  while 
there  was  a  slight  rise  in 


a* 

a* 


The  ratios  reached  and,  in  some  cases,  even  ex¬ 

ceeded  100*  in  the  face  regions  of  the  wheels.  These  relationships 
for  plasticity  and  viscosity  in  different  zones  can  be  attributed  to 
opposite  variations  In  and  an  in  the  axial  and  tangential  direc¬ 
tions  over  the  wheel  height:  maximum  values  of  *  and  a  were  obtaine< 

for  the  vicinity  of  the  horizontal  axial  plane  when  tangential  speci¬ 
mens  ww  tested,  while  minimum  values  were  obtained  when  axial  3oec' 
mens  were  tested.  K 


100  - 


Tne  strength  ratio 


u‘0€t$ 


was  usually  90-100?. 


Our  experimental  results  confirmed  the  high  quality  of  booh  forg¬ 
ings.  In  none  of  the  zones  did  the  mechanical  properties  of  the  metal 
in  the  tangential  and  radial  directions  fall  below  the  norms  stipulated 
by  technical  specifications  and  the  properties  in  the  axial  direction 
were  fully  satisfactory. 

Our  investigations  established  that  it  is  possible  in  principle 
to  simplify  the  technical  procedure  for  forging  wheels  of  this  type 
by  omitting  intermediate  upsetting  of  the  ingot  and  subsequent  draw¬ 
ing  of  the  upset  billet. 

The  NPL,  working  in  conjunction  with  the  Central  Scientific 
Research  Institute  of  Technology  and  Machine  Building  [TsNIITmash] 
(UHMMT  ) .,  has  developed  and  introduced  a  method  for  sectional 
stamping  of  wheels  for  the  fT700-5  low-pressure  gas  turbine  from 
3M415  steel  in  a  press  exerting  a  force  of  3000  t. 

The  characteristics  of  this  new  process  [55]  made  it  techno¬ 
logically  feasible  to  reduce  the  weight  of  the  forgings  from  750  to 
450  kg,  i.e.,  by  40?,  and  permitted  a  substantial  reduction  in  the 
labor  consumed  in  machining  of  the  wheels. 

Figure  21  shows  ?  forged  wheel  fabricated  by  sections  1  stamping. 
The  decrease  in  forging  weight  is  achieved  by  an  increase  in  forging 
precision,  a  decrease  in  tolerances  and  allowances,  and  a  better  dis¬ 
tribution  of  sample  rings  for  mechanical  testing. 

The  wheels  were  stamped  ir  a  two-sectional  die.  The  dimensions 
of  the  sections  were  chosen  in  such  fashion  that  the  pressure  (14- 
15  kgf/mm2 3 4 5 6 7 8 9)  was  distributed  more  or  less  evenly  in  stamping  with  the 
central  and  outer  punches. 

The  original  forging  procedure  with  the  sectional  die  consisted 
of  the  following  basic  operations: 

1)  heating  an  ingot  weighing  2.0  or  2.17  t  to  the  forging  temp¬ 
erature; 

2)  forging  of  a  journal  and  billeting  of  the  ingot  (the  elongated 
ingots  weighing  2.17' t  were  not  billeted); 

3)  heating  of  the  billet; 

4)  Intermediate  upsetting; 

5)  drawing  of  the  upset  billet  to  a  diameter  of  330  mm; 

6)  cutting  of  three  blanks  680  ran  long; 

7)  heating  of  the  blanks; 

8)  upsetting  of  the  blanks  to  a  height  of  260  mm  on  a  flat  platen; 

9)  stamping  of  wheels  In  three  strokes  of  pres;:  traverse. 


Pig.  21.  Forged  wheel  (weighing  460 
kg)  fabricated  by  sectional  stamping. 


TABLE  10 

Mechanical  Properties  of  Wheels  Produced  from 
3M415  Steel  by  Sectional  Stamping 
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1)  Wheel  No.;  2)  kgf/mm2 ;  3)  kgf*m/cm* ;  4) 
hardness,  HB;  5)  at  550°C,  kgf/mm2 


All  the  forging  operations,  with  the  exception  of  the  final 
pass,  were  carried  out  in  a  press  exerting  a  force  of  ?0d0  t;  up¬ 
setting  of  the  blanks  and  sectional  stamping  were  carried  out  in 
a  3000  t  press.  As  experimentation  showed,  thi3  sequence  of  opera¬ 
tions  was  the  most  favorable  from  the  standpoint  of  effectiveness 
of  metal  working  in  two  mutually  perpendicular  directions  throughout 
the  entire  wheel. 

Two  plates  were  mounted  on  the  movable  press  bed  for  the  final 
pass;  the  blank  was  placed  on  one  and  the  sectional-stamping  die 
was  fastened  to  t ne  other,  Upsetting  was  carried  out  with  the  tra¬ 
verse  platen,  to  which  the  sectional  punch  was  then  attached  with 


10.’ 


Pig.  22.  Graphs  representing  change  in  mechanical  properties  of 
wheels  produced  by  sectional  stamping  with  (solid  lines)  and  with- 
uut  (dash  lines)  intermediate  upsetting  of  ingot.  1)  kgf*m/cm2;  2) 
kgf/mm2 . 


TABLE  11 

Mechanical  Properties  of  Wheels  Forged  by  Sec¬ 
tional  Stamping 
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1)  Variant  of  technological  process;  2)  kgf/mm2;  3)  kgf*m/cm2;  4) 
1st  specimen;  5)  2nd  specimen;  6)  hardness  HB;  7)  at  550°Cf  kgf/mnr 
8T“with  intermediate  upsetting  of  ingot;  9)  without  intermediate 
upsetting  of  ingot. 
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hooks . 

A  3000  t  press  proved  adequate  for  stamping  wheels  by  the  pro¬ 
cedure  described  above,  provided  that  the  final  deformation  tempera¬ 
ture  was  no  less  than  1000-1020°C.  The  total  duration  of  the  opera¬ 
tions  involved  in  the  final  pass,  taking  into  account  the  time  con¬ 
sumed  ir  transferring  the  blank  from  the  furnace  to  the  press  (3-4 
min),  the  upsetting  and  stamping  procedures,  shifting  the  bed,  and 
all  auxiliary  operations  (2-3  min)  is  about  5-7  min.  Under  these 
conditions,  the  initial  metal-deformation  temperature  should  be  no 
less  than  113C-1150°C  and  the  blank  should  be  heated  to  about  ll80°C 
in  the  furnace.  When  the  Initial  heating  is  lower  and  the  final 
temperature  of  the  blank  to  be  stamped  drops  to  900-950°C,  the  forg¬ 
ings  are  understamped  and  require  additional  heating  to  bring  their 
dimensions  to  those  stipulated. 

The  cooling  and  heat-treatment  regimes  for  the  stamped  forgings, 
the  mechanical  tests,  and  the  quality-control  procedures  correspond 
to  those  usually  employed  for  wheels  of  the  type  in  question.  It  has 
been  established  that  the  mechanical  properties  and  the  ultrasonical- 
ly  determined  microstructure  and  macrostructure  of  the  metal  in  such 
stamped  wheels  are  not  inferior  to  those  in  wheels  produced  by  free 
forging.  Table  10  presents  the  results  of  mechanical  tests  on  a  ser¬ 
ies  of  wheels  stamped  from  steel  of  a  single  melt  (containing  0.28)1 
C,  0.26*  Si,  0.45*  Mn,  2.85*  Cr,  0.35*  Ni,  0.46*  Mo,  0.46*  W,  0.77* 

V,  0,019*  S,  and  0.020*  P)  and  heat-treated  to  different  hardnesses. 

All  the  blanks  were  fabricated  from  elongated  ingots  weighing  2.17  t. 
Macroscopic  examination  and  ultrasonic  defectoscopy  showed  all  the 
walls  to  be  acceptable.  The  microstructure  of  the  metal  in  the  wheels 
consisted  of  sorbite  with  areas  of  ferrite  and  very  fine  carbides 
located  along  the  grain  boundaries  and  within  the  grains,  i.e.,  was 
that  normal  for  3M415  steel. 

We  studied  the  feasibility  of  simplifying  the  technological 
forging  (stamping)  process  for  these  wheels  by  omitting  intermediate 
upsetting  of  tiie  ingot.  The  probability  of  obtaining  satisfactory 
metal  quality  in  wheels  forged  by  the  simplified  technology  was 
quite  real,  since  the  ingot  not  subjected  to  intermediate  upsetting 
were  pressed  with  a  reduction  ratio  of  no  le^s  than  1.6. 

Two  wheels  were  fabricated  from  the  melt  whose  chemical  composi¬ 
tion  was  given  above,  using  sectional  stamping  with  and  without  in¬ 
termediate  upsetting  of  the  ingots.  Both  wheels  were  heat-treated 
and  checked  by  the  established  procedures,  yielding  satisfactory 
results  for  all  types  of  tests  (Table  11). 

In  order  to  make  a  nore  thorough  examination  of  the  metal, 
both  wheels  were  cut  into  rings,  mechanical  testing  of  tangential  speci¬ 
mens  then  giving  a  complete  representation  of  the  mechanical  proper¬ 
ties  throughout  the  entire  wheel  volume.  The  test  results  are  shown 
in  Pig.  22,  in  the  form  of  graphs  representing  the  vai latlon  in 
mechanical  properties  over  the  height  of  the  wheels  in  different 
cross-sections  of  the  hub  and  body  (Pig.  22).  It.  can  be  concluded 
from  an  analysis  of  these  curves  that  the  wheels  have  high  mechani¬ 
cal  properties  even  in  the  regions  near  the  axis,  where,  for  example, 
the  minimum  relative  necking  exceeded  50*  and  the  minimum  impact 
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strengtn  was  more  than  6  kgf  *rn/cin2 ,  with  a  yield  strength  oi'  more 
than  73  kgf/mma .  The  forging  variant  employed  (with  or  without  in¬ 
termediate  upsetting  of  the  ingot)  had  no  material  effect  on  the 
quality  of  the  metal  in  the  wheels. 

16.  FORGED  COLLARS,  T-PIPES,  PIPES,  AND  OTHER  COMPONENTS  PRODUCED 
FROM  1  5xlMl4>  STEEL 

The  forgings  shown  In  Fig.  23  are  employed  in  fabricating 
components  for  steam  turbines  (300,000  kW)  operating  at  temperatures 
of  up  to  565°C  and  pressures  of  up  to  240  atm  (abs).  The  very  criti¬ 
cal  applications  of  these  forgings  requires  use  of  reliable  techno¬ 
logical  processes  in  their  fabrication,  ensuring  high  metal  quality 
in  different  regions  of  the  components.  Blank  quality  is  checked  by 
mechanical  testing,  metallographic  analysis,  and  ultrasonic  defecto¬ 
scopy  . 

The  presence  of  central  holes  in  flanges  to  some  extent  permit 
removal  of  the  lowest-quality  axial  zone  of  the  ingot  by  broaching 
and  simultaneous  examination  of  the  internal  surface  for  defects  in 
the  metal.  T-pipes ,  pipes,  and  similar  components  with  no  central 
holes  are  metallurgically  more  complex,  the  critical  portions  of 
the  forgings  being  formed  from  the  inner  layers  of  the  ingots.  The 
technological  aspect  of  forging  production  associated  with  smelting 
of  high-quality  steel,  use  of  the  best  ingots  for  the  purpose,  and 
effective  mechanical  working  of  the  metal  during  forging  are  deci¬ 
sive  for  production  of  final  components  that  satisfy  the  require¬ 
ments  imposed  on  metal  purity,  density,  and  homogeneity.  As  for 
methods  for  checking  the  quality  of  the  metal,  including  that  deep 
within  the  forgings,  the  design  characteristics  of  the  components 
make  them  relatively  simple  and  very  reliable:  the  presence  of 
inclined  apertures  reaching  the  central  portion  of  the  forging  and 
the  feasibility  of  using  special  hollow  drills  to  remove  cores  per¬ 
mits  thorough  metallographic  analysis  and  mechanical  testing  of 
different  portions  of  the  forging. 


Fig.  23.  Forgings  of  15X1M1*  steel,  a)  Collar  (weighing  435  kg); 
b)  T-pipe  (weighing  600  kg);  c)  lower  portion  of  valve  housing 
(weighing  900  kg);  d)  lid  of  steam  chest  (weighing  660  kg). 


The  steel  for  the  forgings  is  smelted  in  a  3-ton  or  10-ton 
electric  furnace;  the  smelting  conditions  conform  to  those  for  the 
high-quality  class.  The  ingot  weight  does  not  exceed  2.7  t.  The 
ingots  are  delivered  hot  to  the  press  shop. 

Elongated  ingots  weighing  2.7  t  are  used  for  forged  collars 
(four  forgings  each),  with  a  yield  of  12%  (Pig.  2ja).  The  forging 
process  consists  of  drawing  the  ingot  to  a  diameter  of  325  rum,  cut¬ 
ting  off  blanks  7H0  mm  long,  and  upsetting  the  collar  in  a  liner 
ring.  The  blank  is  heated  to  1050-1080°C  before  upsetting.  All  the 
forging  operations  are  carried  out  in  a  7-ton  hammer. 

It  can  be  seen  from  analysis  of  the  deformation  pattern  that 
the  smallest  reduction  ratio  occurs  in  a  sect  .'on  of  the  forgin'* 

350  mm  in  diameter,  whose  mechanical  working  is  limited  to  drawing 
with  a  reduction  ratio  of  2. 0-2. 5  and  slight  upsetting  in  the  cavity 
of  the  liner  ring  (with  a  reduction  ratio  not  exceeding  1.2-1. 3). 

The  results  of  exhaustive  quality  control,  including  mechanical 
testing  of  tangential  specimens  after  heat  treatment,  indicates  that 
the  metal  in  this  area  is  satisfactory  in  quality.  Specifically,  with 
o0il  >  32,5  KriMM'^o.  >  55  kHmm*  ,  the  plasticity  and  impact  strength  of 
collars  from  a  large  production  batch  had  the  following  values: 
ti  ~  2 1, 5-27 v  <|  ()f>— 78 V  a„  14—30  kT-mL-m*  .  Macroscopic  examination 

and  ultrasonic  defectoscopy  revealed  no  defects  that  could  be  at¬ 
tributed  to  an  inadequate  reduction  ratio. 

The  more  massive  portion  of  the  forging  (555  mm  in  diameter), 
produced  by  upsetting  with  a  deformation  of  about  70%,  is  distin¬ 
guished  by  good  working  of  the  metal  in  two  mutually  perpendicular 
directions.  Additional  mechanical  tests  performed  on  tangential 
specimens  cut  from  this  portion  of  the  collar  yielded  results  close 
to  those  obtained  for  the  section  350  mm  in  diameter.  Sectioning 
showed  the  .mechanical  properties  of  the  collar  to  be  highly  uni¬ 
form  in  the  tangential  and  radial  directions. 

The  forged  T-pipes  (Pig.  23b)  are  fabricated  from  Ingots 
weighing  2  t  in  a  press  exerting  a  force  of  2000  t.  After  billeting 
and  preliminary  upsetting,  the  ingot  is  drawn  into  a  blank  ^65  mm 
in  diameter,  its  terminal  portions  being  pressed  to  a  diameter  of 
300  mm.  The  shrink  head  and  bottom  of  the  ingot  are  removed  and  the 
blank  is  cut  Into  two  equal  parts,  each  of  which  corresponds  in 
size  and  shape  to  the  forging  shown  in  Pig. 23b.  All  these  operations 
are  carried  out  in  three  passes. 

A  power-hammer  die  must  be  used  for  final  forming  of  the  lower 
valve  housing  (Pig.  23c).  Two  blanks  950  mm  long  are  cut  from  an 
Ingot  weighing  3  t  after  preliminary  upsetting  and  drawing  to  a 
diameter  of  l»00  mm;  the  blanks  are  then  upset  to  the  required  size 
In  the  die.  Since  the  lower  portion  of  a  blank  *110  mm  in  diameter 
undergoes  almost  no  deformation  in  the  die,  the  temperature  to  which 
it  Is  heated  before  the  last  half  should  not  exceed  1050°C.  The  die 
Is  satisfactorily  filled  despite  this  relatively  low  heating,  which 
is  facilitated  by  the  very  favorable  profile  of  the  die  cavity.  The 
forging  Is  fabricated  In  four  passes  in  a  2000-t  press. 


The  forged  steam-chest  lid  shown  in  Pig.  23d  has  a  shape  that 
is  difficult  to  produce,  since  the  fact  that  a  rod  240  mm  in  diameter 
bears  two  flanges  *135  mm  in  diameter  separated  by  a  distance  of  370  mm 
creates  substantial  difficulties  in  direct  fabrication  from  the  ingot. 
Production  of  such  forgings  in  a  7-ton  hammer  from  a  blank  forged  in 
a  2000-t  press  has  been  found  to  be  best  under  the  conditions  that 
obtain  at  the  NPL.  Blanks  435  mm  in  diameter  and  670  mm  long  (3 
pieces)  are  produced  from  an  ingot  weighing  3  t,  with  obligatory 
preliminary  upsetting  and  drawing  to  the  requisite  size.  This  prov¬ 
ides  the  necessary  reduction  ratio  at  the  flanges,  which  are  almost 
undeformed  in  the  hammer.  The  end  of  the  forging,  which  is  200  mm  in 
diameter,  and  the  area  between  the  flanges  are  hammer-drawn  with  the 
blank  heated  to  1050°C.  Press-forging  with  a  simplified  lid  configura¬ 
tion  (with  no  annular  recess  between  the  flanges)  leads  both  to  a 
large  increase  in  forging  weight  and  in  the  labor  consumed  in  machin¬ 
ing  and  to  rejection  of  a  substantial  number  of  components  on  the 
basis  of  macroscopic  examination  of  the  etched  surface  of  the  inter¬ 
flange  area.  The  defects  detected  consist  principally  of  aggregates 
of  small  liquation  and  nonmetallic  inclusions.  This  phenomenon  re¬ 
sults  from  the  large  amount  of  metal  removed  during  trimming  and 
finish  machining  and  the  nearness  of  the  surface  to  the  axial  zone 
of  the  ingot.  Actually,  simple  calculation  shows  that  about  85X  of 
the  metal  is  removed,  corresponding  to  the  highest-quality  outer 
zone  of  the  ingot. 


mo  ,1 


Fig.  24.  Trimming  of  T-pipe 
shown  in  Fig.  23b  (the  fine 
lines  represent  the  outline 
of  the  finished  component). 


Experience  has  established  that  defects  are  absent  after  forging 
without  an  annular  recess  only  If  the  steel  melt  is  especially  pure. 

Forgings  produced  from  15X1M1*  steel  are  cooled  with  the  furnace 
to  400°C,  subjected  to  isothermal  annealing  at  650°C  for  30  h,  and 
then  slowly  cooled  with  the  furnace  to  300°C. 

Despite  the  relatively  large  cross-section  and  unfavorable 
shape  of  the  forgings  under  consideration  (absence  of  central  holes), 
formation  of  flakes  in  such  forgings  has  not  been  observed  at  the 
NPL.  It  must  be  emphasized  that  15X1M1#  steel  presents  no  special 
danger  In  thi3  respect,  even  when  there  are  certain  deviations  from 
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the  predetermined  technological  regime,  as  when  supercooling  before 
isothermal  annealing  i3  omitted  or  the  final  temperature  to  which 
the  forgings  are  cooled  with  the  furnace  is  raised.  These  charac¬ 
teristics  of  forging  condition  are  even  more  indicative,  since  the 
NPL  fabricates  the  components  from  steel  smelted  in  a  basic  electric 
furnace  without  vacuum  casting. 

The  forgings  are  heat-treated  after  rough  machining  (trimming 
with  an  allowance  of  10-12  mm  over  the  finished  dimensions  and  the 
minimum  necessary  tolerances).  Figure  24  shows  an  example  of  trim¬ 
ming  of  the  T-pipe  depicted  in  Fig.  23h .  The  principal  allowance  in 
the  blank  before  heat  treatment  is  the  metal  in  the  undrilled  oblique 
openings,  which  is  subsequently  used  for  additional  mechanical  test¬ 
ing  and  meta.llographic  analysis. 

Forged  components  with  complex  configurations  (valve-housing 
elements,  T-pipes,  pipes)  having  oblique  openings  and  irregularly 
shaped  cavities  are  subjected  to  ultrasonic  monitoring  from  their 
flat  and  cylindrical  surfaces  before  heat  treatment,  in  order  to 
show  up  metallurgical  defects.  This  quality-control  procedure,  which 
presents  no  substantial  difficulties,  makes  it  possible  to  examine 
the  entire  forging  volume  but  is  still  only  preliminary,  since  spur¬ 
ious  impulsv??  are  often  produced  as  a  result  of  the  structural  heter¬ 
ogeneity  of  the  un-heat-treated  metal.  All  accessible  areas  of  the 
component  should  therefore  also  undergo  ultrasonic  monitoring  after 
heat  treatment. 

As  was  pointed  out  in  Chapter  5,  the  type  of  heat  treatment 
employed  for  blanks  of  lpXlMlo  steel  is  determined  by  tneir  dimen¬ 
sions  and  the  requirements  imposed  on  the  mechanical  properties  of 
the  metal.  Both  modification  arid  normalization  followed  by  temper¬ 
ing  are  quite  suitable  from  the  standpoint  of  hot  strength.  Forgings 
of  the  type  under  consideration  should  satisfy  the  following  mech¬ 
anical-property  norms:  kI'mm2;  a,  >  52  kI'/mm*-,  6  >  20"..;  if  >  50%; 

d*  >  5  ar-MicM*.  These  properties  are  provided  by  normalization  and 
temperature,  so  that  the  heat-treatment  regime  for  most  components 
generally  consists  of  normalization  from  1000-1020°C  and  tempering 
at  730°C.  Extremely  critical  and  massive  housing-component  forgings 
of  the  T-pipe,  pipe,  and  other  types  undergo  double  normalization 
and  tempering  or  normalization  from  1020-10,)0°C, quenching  from  990- 
1010°C,  and  tempering  at  750°C  for  8-12  h.  Post  tempering  cooling  Is 
carried  out  in  air. 

Table  12  presents  typical  results  obtained  in  mechanical  tests 
performed  on  heat-treated  forgings  of  15X1M1*  steel.  The  mechanical 
properties  given  in  this  table  are  for  standard  sample  rings  or  bai*3, 
as  provided  by  the  forging  plans  (Fig.  23).  It  can  be  seen  from  Table 
12  that  the  fluctuations  In  Oo.?  produced  by  varying  the  tempering 
temperature  cause  no  substantial  decrease  !n  the  plasticity  Indices 
<S  and  i|»,  whose  absolute  values  remain  rather  high.  For  example, 
steam-chest  lids  forged  from  steel  of  the  same  melt  and  heat-treated 
to  yield  strengths  of  44.5  and  58.0  kgr/mm*  have  values  of  24  and  75 $ 
for  <5  and  i|>  In  the  first  case  and  19  and  70$  In  the  second  case;  the 
decrease  In  Impact  strength  Is  larger  (from  19.6-23.5  to  5. 8-7.6 
kgf *m/cmJ ) . 


TABI.I3  i.2 

Mechanical  Properties  of  Forgings  Produced  from  15X1M10  Steel 
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1)  Type  of  forging;  2)  chemical  composition,  it;  3)  specimen  direc¬ 
tion;  4)  kgf/mma;  5)  kgf‘m/cml;  6)  lst^  specimen;  7)  2nd  specimen; 
8)  collar  (Fig.  23a);  9)  T-pipe  (Fig.  23b);  10)  lower  portion  of 
valve  housing  (Fig.  23c);  11)  steam-chest  lid  (Fig.  23d);  12)  tan¬ 
gential;  13)  longitudinal. 


Despite  the  combination  of  satisfactory  plasticity  and  elevated 
strength,  heat  treatment  of  forgings  to  a  given  yield  strength  with 
a  minimum  reserve  is  considered  expedient.  This  is  because  all  the 
structural  reserves  of  the  steel  are  concentrated  in  its  plasticity 
and  the  operational  reliability  of  the  component  is  thus  increased. 

The  heat-treated  forgings  are  etched  and  subjected  to  ultrasonic 
monitoring.  These  quality-control  operations  reveal  macroscopic  de¬ 
fects  at  the  component  surface  and  internal  flaws  in  the  metal. 

In  the  experience  of  the  NPL,  forgings  produced  from  15X1M1* 
steel  generally  have  had  no  defects.  Their  occurrence  in  individual 
forgings,  in  the  form  of  small  inclusions  or  films  at  the  etched 
surface  or  impermissible  internal  flaws,  has  been  random  and  has 
always  been  associated  with  a  higher  degree  of  contamination  in 
the  specific  steel  melt. 


TABLE  13 

Mechanical  Properties  In  Different  Zones  of 
Forged  1-Pipes  {Fig.  23  b)  Produced  from  15X1M1<I> 
Steel 
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1)  Forging  No.;  2)  sampling  site;  3)  direction  of  specimen  in  forging; 
4)  kgf/mrrr;  5)  kgf*m/cmJ;  6)  ls_t  specimen;  7)  2nd  specimen;  8)  ring 
provided  by  forging  plan;  9)  terminal  portion  oF"drilled  core  near 
axial  zone  of  forging;  10)  tangential;  11)  at  angle  of  ^5°  to  hori¬ 
zontal  plane. 


The  quality  of  the  metal  in  T-pipes,  pipes,  and  other  components 
with  apertures  Is  also  checked  with  drilled  cores  60-80  mm  in  diameter, 
which  characterize  the  state  of  the  interior  regions  of  the  forging. 

The  core  surface  is  ground,  etched,  and  checked  for  macroscopic  de¬ 
fects.  Specimens  for  mechanical  testing  are  then  cut  from  different 
zones  of  the  core  irt  different  directions. 

The  results  of  additional  testing  of  the  metal  on  a  production 
scale  confirmed  the  high  quality  of  the  forgings.  Macroscopic  defects, 
in  the  form  of  small  liquation  precipitates,  were  detected  at  the 
surface  of  the  core  only  in  rare  instances.  The  mechanical  properties 
of  the  metal  within  the  forging  exhibited  stable  plasticity  charac¬ 
teristics.  For  example,  moving  from  the  peripheral  zone  to  the  inter¬ 
ior  in  the  forged  T-pipes  caused  a  slight  decrease  in  strength,  while 
the  values  of  6,  iji,  and  a  remained  high  and  almost  constant  (Table  13). 

Our  experience  in  forging  production  indicates  that  19X1M1*  steel 
has  good  technological  properties  and  that  it  can  be  ufled  Tor  critical 
components  while  satisfying  a  broad  range  of  mechanical-property  re¬ 
quirements. 


17.  FORGED  ROTORS  OF  P 2  AND  P2M  STEELS 


One-piece  forged  steam-turbine  rotors  are  among  the  most  critical 
forgings  for  power-generation  equipment,  being  subject  to  stringent 
requirements  for  chemical  and  physical  homogeneity,  mechanical  proper¬ 
ties,  residual  stresses,  and  other  forging-quality  factors  that  govern 
their  operational  reliability.  These  requirements  dictate  the  produc¬ 
tion  technology  for  forged  rotors,  which  essentially  consists  in 
smelting  and  casting  steel  that  is  as  pure  as  possible,  conducting 
forgings  under  conditions  that  promote  effective  welding  up  of 
shrinkage  defects  in  the  ingot  and  mechanical  working  of  the  metal 
in  the  requisite  direction,  and  heat  treatment  under  a  regime  that 
ensures  absence  of  flakes,  high  mechanical  properties,  and  minimum 
residual  stresses.  The  technological  problems  involved  in  satisfying 
these  requirements  are  complicated  by  the  fact  that  most  rotors  are 
fabricated  from  large  ingots,  while  the  cross-section  of  the  blank 
often  makes  it  necessary  to  employ  special  deformation  and  heat- 
treatment  procedures. 

The  metal  is  checked  for  external  defects  and  internal  flaws 
by  macroscopic  examination  and  ultrasonic  defectoscopy;  the  mechani¬ 
cal  properties  and  their  homogeneity  over  the  forging  volume  are 
determined  by  individual  mechanical  tests  on  metal  from  different 
portions  of  the  rotor.  Residual-stress  measurements  and  thermal  tests 
are  made  to  see  that  there  are  no  substantial  internal  stresses  and 
that  the  forgings  and  ingot  are  relatively  coaxial. 

Figure  25  shows  typical  forged  rotors  of  P2  and  P2M  steels. 
Forgings  of  this  type  are  produced  at  the  Urals  Machine  Building 
Plant,  which  has  amassed  a  great  deal  of  experience  in  this  area. 
Rotors  are  also  being  forged  at  the  Izhorsk  Plant. 

Let  us  consider  the  principal  conditions  for  forging  fabrica¬ 
tion  and  the  norms  for  rotor-metal  quality  stipulated  by  technical 
specifications . 

The  forged  rotors  are  fabricated  from  acid/bpen-hearth  steel 
and  use  of  steel  melted  in  electric  furnaces  with  basic  soles  is 
permitted  only  when  appropriate  measures  are  taken. The  steel  is  de¬ 
oxidized  without  using  aluminum. 

The  axis  of  the  forging  should  more  or  less  coincide  with  that 
of  the  ingot.  The  heat  treatment  consists  of  double  normalization 
(the  second  normalization  being  from  a  temperature  of  no  less  than 
9A0°C,  after  trimming  of  the  blank)  and  tempering  at  670° C,  followed 
by  slow  cooling.  The  axial  channel  of  the  rotor  is  generally  drilled 
before  heat  treatment,  but  the  latter  can  theoretically  be  carried 
out  before  the  channel  is  drilled,  especially  when  the  rotor  is  of 
relatively  small  size. 

Longitudinal  specimens  from  the  ends  of  the  rotor  and  tangen¬ 
tial  specimens  from  one  or  both  faces  of  the  barrel  (depending  on 
its  length)  are  subjected  to  mechanical  testing.  Table  1*1  shows  the 
norms  for  the  mechanical  properties  of  rotors  fabricate  from  P2M 
steel.  The  variation  in  the  hardness  of  specimens  taken  from  differ¬ 
ent  areas  of  the  blank  should  be  no  more  than  *10  HP. 


Ill 


Fig.  25.  Typical  forged  rotors  of  P2  and  P2M 
steels.  1,  2)  Sections  for  macroscopic  exam¬ 
ination.  A)  No  less  than;  B)  top  of  ingot. 
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Norms  for  Mechanical  Properties  of  Rotors  Fab¬ 
ricated  from  P2M  Steel 
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principal  requirement  imposed  on  the  macrostructure  of  the 
blank  is  that  there  be  no  cracks  or  flakes.  Large  nonmetallic  in¬ 
clusions  or  aggregates  of  small  nonmetallic  inclusions  in  the  final 
component  are  impermissible.  The  rotor  metal  is  checked  for  defects 
by  examination  of  the  fracture  surfaces  of  the  mechanical-test  speci¬ 
mens,  etching  of  the  neck  surfaces,  barrel  faces,  and  a  section  cut 
from  the  topside  of  the  ingot,  use  of  Baumann  impressions,  periscopic 
examination,  and  ultrasonic  defectoscopy. 

The  Baumann  impressions  made  from  the  neck  surfaces  and  barrel 
faces  should  rate  three  points  on  the  four-point  Urals  Heavy  Machine 
Building  Plant  [UZTM](y3TM)  scale.  The  fracture  surfaces  of  the  mech¬ 
anical-test  specimens  are  considered  satisfactory  when  they  have  a 
fibrous  or  fine-grained  structure  and  exhibit  no  discontinuities, 
pores,  or  nonmetallic  inclusions. 

Periscopic  examination  with  a  magnification  of  up  to  1.5  should 
reveal  no  cracks,  flakes,  fissures,  shrinkage  pores,  large  nonmetal¬ 
lic  inclusions  (more  than  3  mm),  or  aggregates  of  small  nonmetallic 
inclusions  (more  than  10  inclusions  less  than  1.5  mm  in  diameter  over 
an  area  of  60  cm2)  in  the  surface  of  the  axial  channel.  Scattered 
nonmetallic  Inclusions  ranging  from  1.5  to  3  mm  in  diameter  and  oc¬ 
curring  in  groups  of  less  than  10  (over  the  same  area)  or  small  non¬ 
metallic  inclusions  ranging  from  1  to  1.5  mm  in  diameter  and  not 
numbering  more  than  25  over  the  entire  rotor-channei  surface  are  per¬ 
missible.  The  total  number  of  inclusions  of  all  siz's  should  not  ex¬ 
ceed  75.  When  the  inclusions  in  the  axial-channel  surface  are  larger 
in  size  or  greater  in  number,  the  channel  is  subjected  to  local 
trimming  or  boring  to  a  diameter  dictated  by  the  rotor  design. 

The  forged  rotor  is  checked  for  cracks,  flakes,  shrinkage 
pores,  and  other  gross  defects  by  ultrasonic  defectoscopy  over  all 
Its  cylindrical  surfaces.  Only  isolated  nonmetallic  inclusions  are 
permitted,  their  number  and  size  not  exceeding  the  following  norms: 
the  total  number  of  defects  2-4  mm  in  size  should  be  less  than  30, 
including  nc  more  than  10  located  no  less  than  50  mm  apart  in  the 
rotor  barrel  and  the  remainder  separated  by  distances  of  no  less 
than  50,  30,  and  15  mm  at  both  ends  of  the  rotor,  depending  on 
their  specific  location.  Defects  less  than  2  nan  in  diameter  are  not 
counted. 

The  residual  stresses,  which  are  determine!  by  cutting  rings 
frcm  one  face  of  the  barrel,  should  not  exceed  5  kgf/mm2 . 

The  rotor  blanks  are  subjected  to  thei’mal  testing  in  order  to 
determine  the  deformation  that  occurs  under  temperature  conditions 
similar  to  those  that  obtain  during  turbine  operation.  The  bent 
blank  Is  retempered  and  subjected  to  a  second  thermal  test. 

The  stringent  norms  described  above  for  permissible  defects 
in  the  rotor  blanks  require  that  special  attention  be  paid  to  the 
metallurgical  aspect  of  forging  production.  The  experience  of  the 
Urals  Machine  Building  Plant  has  shown  that  even  "melting  steel  by 
the  duplex  process  in  an  acid  open-hearth  furnace  with  a  screened 
charge,  roasted  ore,  and  ferro  alloys  and  employment  of  other  meas¬ 
ures  of  a  slm' lnr  nature  cannot  ensure  reliable  metal  quality.  A 
large  increase  in  rotor  quality  and  almost  complete  elimination  of 
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rejects  or  metallurgical  def* .  :.as  been  achieved  by  use  of  vacuum 
casting,  which  is  now  regarded  us  a  n-  cess  ary  prerequisite  for  obtain¬ 
ing  high-quality  rotors  that  sru'si'y  tne  norms  stipulated  by  technical 
specifications.  The  only  drawback  •>•*  vacuum  casting  of  steel  for  rotor 
forging  is  the  increase  In  carbon  liquation,  but  this  factor  has  no 
marked  effect  on  the  strength  of  specimens  taken  fromthe  upper  and 
lower  ends  of  the  blank  when  the  forging  is  suitable  laid  out  with 
respect  to  the  ingot  length. 

Ingots  for  forged  rotors  are  usually  12-sided,  have  a  ratio 
H/D  “  1.5,  and  exhibit  a  bilateral  taper  of  less  than  11.4)11.  It  has 
been  established  that  this  ingot  shape  yields  minimum  development  of 
shrinkage  phenomena  in  the  ingot  and  a  more  compact  structure  in  the 
central  zone  of  the  forged  rotor.  The  ingots  are  supplied  hot  to  the 
press  shop,  with  a  surface  temperature  of  600-700°C.  Special  atten¬ 
tion  must  be  paid  to  uniform  preforging  heating  of  the  ingot. 

As  an  example,  we  will  describe  the  technology  used  to  forge 
rotors  with  a  barrel  diameter  cf  1140  mm  from  ingots  weighing  51  t 
(Pig.  25) . 

The  forging  pattern  provides  for  fabricating  the  smaller  end  of 
the  rotor  from  the  lowerportion  of  the  ingot,  in  connection  with  the 
carbon  distribution  over  the  ingot  height.  The  usual  difference  be¬ 
tween  the  carbon  content  of  the  upper  and  lower  portions  of  the  ingot 
is  markedly  increased  by  vacuum  casting  and  reaches  0.0 4—0 . 05%  in  come 
cases.  Proper  utilization  of  the  ingots,  taking  into  account  the  cross- 
sectional  dimensions  of  the  terminal  portions  of  the  rotor,  therefore 
promotes  higher  mechanical  characteristics  and  greater  uniformity  of 
forging  strength,  since  the  lower  carbon  content  in  the  small  end  is 
compensated  for  by  the  better  thermal  working  of  the  metal.  The  shut¬ 
ting  pin  is  fabricated  with  50  mm  of  metal  from  the  ingot  body  gripped. 
The  edges  and  facets  are  pressed  to  a  diameter  of  1400  mm,  using  the 
full  width  of  the  die  block  and  reductions  of  up  to  120  mm  per  pass. 
After  intermediate  upsetting  of  the  ingot,  It  is  drawn  to  a  diameter 
of  1450  mm  through  a  1400-mm  square.  Composite  die  blocks  are  used 
for  the  round-drawing  operation.;:  the  upper  block  is  flat  and  the 
lower  cut-away.  A  spherical  upsetting  platen  is  employed  for  the  in¬ 
termediate  upsettir.  .  A  total  of  six  passes  are  made.  The  forging- 
temperature  range  is  1220-800°C,  except  for  the  two  final  passes, 
for  which  the  presence  of  deformed  zones  in  the  blanks  makes  the  maxi¬ 
mum  heating  temperature  I050°C  o-  ?»ss.  All  the  forging  operations  arc 
carried  out  in  presses  ext?rting  -  i  ce  of  10,000  or  12,000  t. 

We  must  emphasize  the  1'»r'ge  influence  of  the  deformation  pattern, 
die-block  profile,  and  forging  temperature  on  rotor  quality.  Experi¬ 
mentation  has  established  that  effective  welding  up  of  defects  In  the 
ingot  occurs  when  the  stress  pattern  Is  favorable,  even  wnen  highly 
developed  shrinkage  pores  and  discontinuities  of  crack  type  are 
present  in  the  motal.  Experimental  work  on  welding  up  of  tefeets  in 
large  forged  rotors  has  been  very  indicative  in  this  respect  {41]: 
repeated  drawing  of  defective  rotors  under  favorable  temperature  and 
deformation  conditions  led  to  complete  scaling  of  defects  with  a  reduc¬ 
tion  ratio  of  2. 0-3.0  (4.0  when  Intermediate  upsetting  was  employed). 


The  required  reduction  ratio  and  the  effectiveness  with  which 
defects  are  welded  up  depend:?  largely  on  the  deformation  pattern. 


Drawing  of  the  upset  billot  to  a  circle  through  a  square,  which  In¬ 
creases  the  deformation  in  the  central  zone  of  the  forging  and  reduces 
the  size  of  the  liquate  inclusions  [5],  and  use  of  relative  feeds  l/D 
of  no  less  than  0.5  and  as  large  a  reduction  ratio  as  possible  must 
be  regarded  as  obligatory.  It  is  also  desirable  to  employ  cut-away 
die  blocks  rather  than  composite  blocks  in  drawing  the  blank  into  a 
round  shape,  since  the  entire  volume  of  metal  to  be  deformed  is  sub¬ 
jected  to  multilateral  nonuniform  compression  in  this  case. 

The  aforementioned  elements  of  the  mechanical  forging  regime 
create  the  most  favorable  conditions  for  deformation  of  the  internal 
regions  of  the  Ingots,  which  promotes  welding  up  of  pores  and  other 
axial  defects,  since  the  center  of  the  blank  is  subjected  to  compres¬ 
sive  rather  than  tensile  stresses.  The  larger  the  metallurgical  de¬ 
fects  In  the  Ingots,  the  more  important  Is  use  of  an  optimum  deforma¬ 
tion  regime,  whose  influence  has  been  verified  by  comparing  different 
procedures  for  forging  rotors  from  alloy  structural  and  special  steels. 
Tnis  factor  was  specifically  found  to  be  significant  in  evaluating 
the  quality  of  rotors  forged  from  ingots  weighing  71.5  t  [35]. 

Among  other  features  of  rotor-forging  technology,  we  should  note 
that  substantial  dlsolacement  of  the  neck  axis  with  respect  to  the 
barrel  axis  (exceeding  15-20  mm)  is  impermissible.  This  is  dictated 
bv  the  high-temperature  operating  conditions  and  by  the  thermal  test 
procedure,  whose  results  depend  on  the  asymmetry  of  the  metallurgi¬ 
cal  structure  of  the  forging.  Minimum  neck-axis  displacement  promotes 
uniform  heating  of  the  ingot  and  intermediate  blank  and  makes  it  easier 
to  obtain  identical  per-pass  reductions  during  drawing. 

The  initial  heat  treatment  and  cooling  of  the  forgings  is  carried 
out  under  a  special  regime  (Fig.  26).  Normalization  at  970-990°C  is 
incorporated  into  the  treatment  procedure  as  part  of  the  general  cy¬ 
cle  of  double  normalization  and  tempering  and  is  not  an  obligatory 
component  of  the  initial  heat  treatment.  In  practice,  it  can  be  car¬ 
ried  ou  after  trimming  and  before  the  second  (final)  normalization. 

In  terms  of  production,  however,  it  is  best  combined  with  the  initial 
heat  treatment.  The  other  elements  of  the  procedure  (supercooling  to 
280-320°C,  isothermal  annealing  at  72U-730°C,  and  slow  cooling  with 
the  furnace  to  300°C)  constitute  a  complex  of  operations  that  ensure 
that  the  forgings  will  not  flake  and  that  the  residual  stresses  will 
be  minimal. 

The  temperature  at  which  the  forgings  are  loaded  into  the  heat- 
treatment  furnace  is  specified  by  the  technological  instructions  and 
should  nor.  be  ie3s  thin  ^00°C.  The  working  temperature  of  the  furnace 
is  held  at  500-650°C.  The  manner  In  which  the  rotors  are  arranged  on 
the  furnace  bottom  provides  for  uniform  multilateral  heating  of  the 
metal:  the  forgings  are  placed  on  footing  plates  no  les3  than  250  nun 
high  at  a  distance  of  no  less  than  500  mm  from  the  front  and  back 
walls  of  the  furnace  and  300  nun  from  the  lateral  walls. 

After  the  initial  heat  treatment,  hardness  measurements,  and 
marking  out,  two  transverse  sections  corresponding  to  the  top  and 
bottom  of  the  ingot  are  cut  from  the  forgings  ror  macroscopic  exam¬ 
ination,  which  shows  the  presence  of  flakes,  nonmetallic  Inclusions, 
liquates,  pores,  and  other  metallurgical  defects.  Samples  are  then 
taken  from  the  sections  for  chemical  analysis,  determining  the  car- 


Pig.  26.  Graph  representing  Initial  heat  treatment  and  cooling  of 
forged  rotors  of  P2  ( P2M)  steel.  I  Accumulation  of  forgings;  II) 
equilibration  of  charge  temperature.  1)  h. 


bon  and  molybdenum  contents  of  both  ends  of  the  rotor.  When  the  macro- 
scopic  examination  yields  itisfactory  results,  the  forgings  go  for 
machining  (trimming).  The  a-Llowance  over  the  final  dimensions  left 
during  trimming  is  generally  30  mm  in  the  barrel  diameter  and  40  mm 
in  the  neck  diameter. 

Trimming  is  carried  out  in  two  stages.  The  blank  is  first  machined 
with  an  allowance  of  7  mm  per  side  over  the  trimmed  dimensions  indic¬ 
ated  in  the  blank  plan.  Superficial  defects  show  up  during  this  stage 
of  machining,  and,  when  they  are  present,  the  blank  is  again  laid  out 
so  that  they  can  be  removed  during  subsequent  trimming  by  slightly 
shifting  the  axis. 

Before  the  fins  (disks)  are  cut,  the  cylindrical  surfaces  of  the 
blank  are  ground  for  ultrasonic  defectoscopy.  The  principal  reasons 
for  ultrasonic  examination  of  the  rotor  before  the  final  heat  treat¬ 
ment  are  the  impossibility  of  thorough  checking  of  a  barrel  in  which 
fins  have  been  cut  and  the  need  for  preventive  examination  of  metal 
quality  in  order  to  avoid  further  processing  of  blanks  that  are  al¬ 
ready  unsuitable.  Checking  the  rotor  during  the  intermediate  stage 
or  heat  treatment  does  not  cause  any  noticeable  distortion  of  the  re¬ 
sults  through  spurious  Impulses,  since  the  first  normalization  sub¬ 
stantially  reduces  the  structural  heterogeneity  present  in  metal 
heat-treated  without  recrystallization.  When  doubtful  results  are  ob¬ 
tained,  the  ultrasonic  defectoscopy  can  be  repeated  from  all  acces¬ 
sible  surfaces  after  the  final  heat  treatment. 

Analysis  of  the  results  obtained  in  production  monitoring  of  a 
large  number  of  rotors  showed  that  switching  to  vacuum  casting  almost 
eliminated  rejects  for  defects  detected  ultrasonically :  no  nonmetalllc 
inclusions  or  other  metallurgical  defects  were  detected  In  most  of  the 
forgings  and  only  a  few  contained  isolated  inclusions  or  small  groups 
of  inclusions,  whose  characteristics  wen?  within  the  limits  permitted 
by  the  technical  specifications. 

In  order  to  illustrate  the  number  and  size  of  the  defects  some¬ 
times  detected  In  forged  rotors,  we  will  discuss  a  specific  instance 
from  the  Izhorak  Plant.  A  forged  rotor  weighing  31.5  t  and  having  a 
barrel  diameter  of  1140  mm  (Pig.  25)  war.  found  to  contain  the  follow- 
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ing  defects  of  the  nonmetallic- Inclusion  type:  eight  aggregates  of 
defects  2  mm  in  size  (by  comparison  with  a  standard),  two  defects 
4  mm  in  diameter  and  an  aggregate  of  defects  less  than  2  mm  in  dia¬ 
meter  in  the  barrel  region  and  5  defects  2-3  mm  in  diameter  in  the 
neck,  in  the  area  corresponding  to  the  lower  side  of  the  ingot.  The 
location  of  the  defects  and  the  distance  between  them  satisfied  the 
norms  set  by  the  technical  specifications.  The  results  of  ultrasonic 
defectoscopy  showed  the  forging  to  be  acceptable-  Th^  characteristics 
of  the  defects  detected  ultrasonically  in  other  rotors  will  obviously 
differ,  but,  as  experience  has  shown,  forged  rotors  produced  by  the 
process  described  above  will  either  contain  no  defects  more  than  2  mm 
in  diameter  or  contain  a  number  of  such  defects  comparable  to  that 
in  the  case  described  above. 

Blanks  shown  to  be  acceptable  by  ultrasonic  defectoscopy  are 
machined  before  the  final  heat  treatment:  annular  grooves  (slots) 
are  cut  in  the  rotor  barrel,  the  allowances  are  removed  from  the 
necks,  the  ends  are  cut  in  accordance  with  the  trimming  plan,  and 
holes  are  drilled  and  broached  in  the  shaft  for  the  suspension.  An 
axial  channel  is  also  drilled  in  large  rotor  blanks  before  heat 
treatment,  thus  providing  more  effective  cooling  of  the  rotor  during 
normalization  and  to  some  extent  reducing  the  danger  that  quenching 
cracks  will  be  formed. 

The  final  heat  treatment  of  the  rotors  consists  of  normaliza¬ 
tion  and  tempering.  According  to  the  data  of  A. I.  Chizhik  [48],  this 
type  of  heat  treatment  has  certain  advantages  over  modification  for 
forged  rotors .  Quenching  and  tempering  provides  a  higher  impact 
strength  in  the  central  zone  of  the  forging  and  a  greater  high-temp¬ 
erature  deformation  capacity, but  these  favorable  characteristics  are 
manifested  only  when  the  blank  is  heat-treated  to  high  strength.  At 
the  values  of  o0. 2  and  commonly  employed  for  rotors  of  the  class 

under  consideration  (Table  14),  modification  has  almost  none  of  these 
advantages.  At  the  same  time,  there  is  a  material  danger  that  micro¬ 
cracks  will  be  formed  and  small  metallurgical  defects  will  develop  as 
a  result  of  the  high  thermal  and  structural  stresses  produced  during 
quenching.  Ultrasonic  defectoscopy  has  specifically  shown  that  there 
is  a  noticeable  increase  in  the  number  and  size  of  the  defects  in 
quench-tempered  rotors . 

Or 


Pig.  27.  Pinal  neat  treatment  of  rotor  blanks  produced  from  P2M  steel. 
I,  1J)  Equilibration  of  metal  temperature  In  charge.  1)  h. 
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Normalization  is  thus  tiie  mo.' t.  favcrabie  heat-treatment  opera¬ 
tion  from  the  standpoint  of  pose.lt>  le  development  of  metallurgical 
defects.  The  required  impact  strength  is  achieved  by  rapid  cooling 
of  the  blanks,  using  forced  air  circulation. 

Figure  27  Is  a  graph  representing  the  final  heat  treatment  of 
rotor  blanks  (provided  that  the  first  normalization  is  carried  out 
during  the  initial  heat-treatment  cycle). 

The  blanks  are  heated  in  a  vertical  heat-treatment  furnace.  It 
must  be  noted  that  proper  positioning  and  correct  support  of  the  rotors 
in  the  universal  suspension  devices  is  of  great  importance.  An  abso¬ 
lutely  vertical  position  in  the  furnace  is  important  both  with  res¬ 
pect  to  optimum  heating  conditions  and  to  prevent  bending  of  the  ro¬ 
tors,  which  should  be  minimal.  All  other  conditions  being  equal,  the 
noncoaxiality  of  the  heat-treated  rotor  and  initial  ingot  decreases 
with  the  deformation  of  the  blanks,  which  affects  the  ultimate  results 
obtained  in  thermal  tests.  Deformation  that  requires  the  rotor  to  be 
straightened,  i.e.,  is  outside  the  actual  machining  tolerances,  is 
especially  undesirable.  Such  straightening  means  that  additional  la¬ 
bor  is  consumed  and  the  technological  cycle  is  more  complex,  but  it 
can  also  lead  to  bending  at  elevated  working  temperatures.  It  has  been 
found  that  straightened  heat-treated  rotors  exhibit  impermissible  bend¬ 
ing  during  thermal  tests  in  many  cases,  even  though  they  have  been  tem¬ 
pered  for  stress  relief. 

Rotor  warping  during  heat  treatment  is  also  affected  by  a  number 
of  other  factors,  which  are  associated  principally  with  nonuniform 
heating  and  cooling  of  the  blanks  u  .ring  normalization,  in  order  to 
obtain  more  uniform  heating,  the  blank  is  periodically  turned  by  l80°, 
which  increases  the  uniformity  with  which  the  thermal  factor  acts  on 
the  rotor  metal. 

As  has  already  been  pointed  out,  the  rotors  are  normalized  with 
forced  air  circulation.  A  special  chamber  in  the  form  of  a  cylindri¬ 
cal  shaft  is  used  for  this  purpose,  with  fans  supplying  air  through 
nozzles  at  a  pressure  of  about  150-200  mm  H20.  The  nozzles  are  ar¬ 
ranged  in  such  fashion  that  the  air  stream  is  tangential  to  the  sus¬ 
pended  rotor. 

Uniform  cooling  in  the  chamber  is  as  important  for  homogeneity 
of  mechanical  properties  and  minimum  rotor  deformation  as  is  uniform 
heating  before  normalization.  The  rotor  suspended  in  the  cooling 
chamber  (in  an  absolutely  vertical  position)  is  therefore  periodically 
rotated  by  l80°  and  the  airflow  over  the  chamber  height  is  adjusted  in 
accordance  with  the  rotor  cross-section  in  each  given  area  of  the 
chamber. 

After  cooling  to  100-150°C,  the  rotor  goes  to  a  vertical  furnace 
for  tempering,  during  which  it  is  also  periodically  rotated  by  l80° 

( every  10  h  after  tempering  begins).  The  relatively  low  final  temp¬ 
erature  to  which  the  blank  Is  cooled  with  the  furnace  is  intended  to 
provide  maximum  relief  of  Internal  stresses.  In  practice,  the  residual 
stresses  are  relatively  small  when  the  blank  is  cooled  with  the  fur¬ 
nace  to  a  higher  temperature  ( ;,r>n- $no°C)  and  they  have  no  effect,  on 
the  stability  of  rotor  i  : -ope rile/ ;  aowever,  they  have  a  marked  Influ¬ 
ence  on  d> '  'h '  rnri  t  In  when  the  .*•!»»  I  |  thrtum  of  the  rs 5 dua 1 -st res s  system 


breaks  down,  i.e.,  when  the  stresses  are  redistributed,  as  during 
finish  machining. 

By  way  of  illustration,  let  us  consider  the  actual  final  heat- 
treatment  regime  (normalization  and  tempering)  for  a  rotor  blank 
with  a  barrel  diameter  of  1140  mm  (Pig.  25).  After  being  placed  in 
the  universal  suspension  device,  checked  for  vertical  positioning  in 
several  planes,  and  loaded  into  a  vertical  heat-treatment  furnace  at 
250°C,  the  rotor  Is  subjected  to  prenormalization  heating  under  the 
following  regime:  holding  at  the  charging  temperature  for  4  h,  heat¬ 
ing  to  520°C  at  a  rate  of  30  deg/h,  rotation  by  180°,  holding  at 
520°C  for  4  h,  heating  to  700°C  at  a  rate  of  35  deg/h,  holding  at 
700-720°C  until  the  temperature  has  been  fully  equilibrated  over  the 
rotor  cross-section  (11  h  35  min),  rotation  by  lo0°,  heating  to  950°C 
at  a  rate  of  45  deg/h,  equilibration  of  the  temperature  over  the  ro¬ 
tor  cross-section  (14  h)  with  rotation  by  180°  after  10  h,  and  holding 
at  950°C  for  9  h  40  min. 

The  rotor  is  normalized  in  a  chamber  with  forced  cooling,  rotat¬ 
ing  it  by  l80°  1,  2,  and  5  h  after  cooling  begins.  The  final  tempera¬ 
ture  to  which  the  rotor  is  cooled  is  100-l40°C.  The  total  cooling  time 
is  10  h  30  min.  Contact-thermocouple  measurements  showed  the  following 
temperature  distribution  at  five  points  over  the  rotor  height  at  the 
end  of  the  cooling  period  (from  top  to  bottom):  140,  130,  140,  100 
and  125°. 

The  rotor  is  loaded  into  a  vertical  furnace  for  tempering  im¬ 
mediately  after  cooling,  with  a  furnace  temperature  of  230-240°C. 

The  tempering  regime  includes  holding  at  230-250°C  for  5  h,  heating 
to  705-71C°C  at  a  rate  of  25-30  deg/h  equilibration  of  the  rotor 
temperature  at  705-710 °C  for  12  h,  holding  at  705-710°C  for  28h  with 
rotation  of  the  rotor  by  180°  after  10  h,  and  cooling  to  200°C  at  a 
rate  of  10-20  deg/h.  After  cooling  with  the  furnace,  the  vertically 
positioned  rotor  is  subjected  to  additional  cooling  in  air  to  a  temp¬ 
erature  of  about  15  |0C. 

The  actual  total  duration  of  the  final  heat  treatment  is  176  h 
30  min,  including  65  h  40  min  for  normalization,  10  h  30  min  for 
cooling  in  the  special  chamber,  and  100  h  20  min  for  tempering. 

The  heat-treated  blanks  are  subjected  to  hardness  and  warping 
measurements  and  mechanical  tests. 

The  hardness  is  measured  at  two  points  on  both  ends  of  the 
rotor.  The  absolute  values  are  not  stipulated  by  the  technical  speci¬ 
fications  and  the  measurements  serve  only  to  check  the  homogeneity 
of  the  metal:  the  difference  in  hardness  at  different  points  should 
not  exceed  40  H9.  The  bending  of  the  rotor  due  to  warping  is  checked 
with  a  benchplate  laid  on  roller  supports.  The  outside  diameter  of  the 
barrel  Is  taken  as  the  measurement  base.  The  maximum  bending  is  deter¬ 
mined  and  its  location  fixed  by  turning  the  rotor  on  the  roller  sup¬ 
ports.  A  marker  gauge  is  employed  to  determine  the  actual  surplus 
over  the  established  based  measurement  through  all  diameters  of  the 
blank.  The  maximum  tend  in  the  rotor  should  not  exceed  75t  of  the 
finish  tolerance.  The  blank  is  straightened  if  greater  deformation 
has  taken  place. 


Long  experience  at  the  Urals  Machine  Building  Plant  has  shown 
that  the  curvature  of  most  rotor  blanks  lies  within  the  maximum  per¬ 
missible  deformation.  Thus  ,  the  results  of  statistical  analyses  made 
over  5  years  established  that  4.5)&  of  the  blanks  produced  were 
straightened  after  final  heat  treatment.  In  addition  to  factors  as¬ 
sociated  with  nonuniform  heating  and  cooling  of  the  blanks  during 
heat  treatment,  increased  rotor  deformation  was  also  produced  by 
lack  of  an  axial  channel  in  the  blank  and  heat  treatment  of  rotors 
of  different  weights  in  the  same  charge. 

When  necessary,  the  rotors  are  straightened  in  a  forging  press 
while  hot.  The  prestraightening  heating  regime  includes  loading  into 
the  furnace  at  a  temperature  of  no  more  than  300°C,  heating  to  650- 
6b0°C  at  a  rate  of  no  more  than  60  deg/h,  and  holding  at  650-660°C 
for  no  less  than  20  h.  The  rotor  is  placed  In  special  cutaway  die 
blocks  and  light  pressure  is  applied  to  straighten  it  at  the  point 
indicated  by  the  marker  gauge.  After  straightening  has  been  completed 
and  checking  of  the  rotor  curvature  yields  satisfactory  results, 
stress-relief  tempering  is  carried  out  in  a  vertical  furnace,  keeping 
the  heat-treatment  cycle  continuous.  The  rotor  Is  loaded  into  the 
charging  furnace  at  a  temperature  of  500-600°  C,  heated  to  670-680°C 
at  a  rate  of  no  more  than  40-50  deg/h,  held  at  670-680°C  for  15  h 
after  the  temperature  has  been  equilibrated,  cooled  to  200°C  at  a 
rate  of  20-30  deg/h,  and  then  cooled  In  air  while  suspended. 

Experience  has  shown,  however,  that  post  straightening  temper¬ 
ing  does  not  always  provide  stable  satisfactory  results  in  subsequent 
thermal  tests.  More  reliable  results  are  obtained  when  the  final  heat- 
treatment  cycle  (normalization  and  tempering)  is  repeated  after 
straightening. 

Rotor  blanks  in  which  the  curvature  after  heat  treatment  does 
not  exceed  permissible  levels  are  subjected  to  mechanical  tests. 

Table  15  shows  the  actual  results  obtained  in  tests  on  four  rotors 
forged  at  the  Izhorsk  Plant,  which  are  typical  of  large  forged  ro¬ 
tors  of  P2M  steel,  as  well  as  the  actual  carbon  content  In  areas  of 
the  rotor  corresponding  to  the  top  and  bottom  of  the  ingot. 

The  blanks  have  the  requisite  mechanical  properties,  with  high 
reserve  plasticity  and  impact  strength.  The  mechanical  properties 
were  quite  uniform  and  there  was  no  material  scattering  of  values 
within  each  rotor. 

It  can  be  seen  from  a  comparison  of  the  actual  carbon  content 
in  different  areas  of  the  rotors  with  the  corresponding  mechanical 
properties  of  the  metal  that  the  decrease  In  carbon  content  over  the 
ingot  height  had  no  marked  influence  on  strength:  the  variation  in 
o0.^  did  not  exceed  4-5  kgf/mm*  in  longitudinal  and  tangential  speci¬ 
mens  . 

In  producing  forged  rotors  from  P2  arid  P2M  steels,  the  yield 
strength  sometimes  falls  to  reach  the  maximum  permissible  value  in 
tangential  specimens.  This  Is  undesirable,  but  a  substantial  excess 
over  the  established  value  of  o0.-  is  also  impermissible,  since  it 
reducer  long-term  tensile  plastlc’ty  and  increases  the  sensitivity 
of  the  metal  to  stress  concei  t  rat  1  ui.  In  such  cases,  the  rotor  blanks 
are  subjected  to  additional  tempering.  It  Is  for  precisely  this  ren- 
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TABLE  15 


Results  of  Mechanical  Tests  on  Pour  Rotors  of  P2M  Steel  (Pig.  25a) 
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tion  of  ingot;  5)  1st  analysis;  6)  2nd  analysis;  7)  lower  portion  of 
ingot;  8)  mechanical  properties;  9)  longitudinal  specimens  from  both 
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from  barrel. 


son  that  the  technical  specifications  stipulate  the  maximum  yield 
strength. 

Before  accelerated  postnormalization  cooling  was  introduced, 
about  80$  of  the  rotor  blanks  exhibited  reduced  impact  strength  [50]. 
After  switching  to  normalization  with  forced  cooling,  the  number  of 
Ingots  with  low  impact  strength  was  greatly  reduced  and  their  occur¬ 
rence  was  fortuitous.  There  was  a  marked  increase  In  absolute  impact 
strength,  which  indicates  that  the  structural  transformations  that 
take  place  during  normalization,  which  are  directly  related  to  the 
rate  at  which  the  rotors  are  cooled,  have  the  dominant  influence  on 
impact  strength. 

The  high  values  of  the  plasticity  indices  6  and  t| »  were  stable 
for  ail  the  rotors.  Statistical  analysis  of  96  rotors  of  P2  steel 
established  that  the  relative  elongation  for  longitudinal  and  tan¬ 
gential  specimens  was  generally  16-20$,  while  the  transverse  necking 
was  55-65 %  [50]. 
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Sectioning  and  testing  of  a  rotor  forged  from  an  ingot  weighing 
47.5  t  at  the  Urals  Machine  Building  Plant  showed  that  the  mechani¬ 
cal  properties  of  the  central  zone,  except  for  individual  deviations 
(principally  in  impact  strength),  were  sufficiently  high:",...  19  -SI 

",  72  -75  kT/mm’.  ft  -  17  -•JO"*.  *  4.-  -52%;  a,  2.2  -7.2  nT-MicM*  1481. 

The  reliability  of  mechanical  tests  on  rotors  is  specifically 
governed  by  the  homogeneity  of  the  mechanical  properties  of  differ¬ 
ent  areas  of  the  blank.  Hardness  measurements  on  all  sides  and  pro¬ 
per  selection  of  specimens  from  the  rings  cut  from  the  rotor  barrel 
are  therefore  important  elements  of  the  test  procedure:  the  speci¬ 
mens  should  be  from  diametrically  opposed  sites,  which  to  some  extent 
ensures  that  any  impermissible  discrepancy  in  properties  will  show  up. 

In  addition  to  cutting  rings  from  the  rotor  barrel  for  mechani¬ 
cal  testing,  the  residual  stresses  are  also  determined  (by  measuring 
the  ring  diameter  before  and  after  cutting).  Additional  tempering  is 
carried  out  when  the  residual  stresses  exceed  the  established  norm 
for  the  rotor  in  question.  However,  such  cases  are  very  rare  in  prac¬ 
tice  . 


The  results  obtained  in  checking  rotor  macrostructure  by  making 
sulfur  impressions  and  etching  the  surfaces  (with  ammonium  persulfate 
and  10?  nitric  acid)  are  generally  satisfactory  and  it  is  not  diffi¬ 
cult  to  satisfy  the  requirements  imposed  by  the  technical  specifica¬ 
tions.  Periscopic  examination  of  the  axial  channel  is  a  more  complex 
problem  and  the  results  obtained  sometimes  necessitate  rebroaching 
and  careful  analysis  of  the  defects  observed. 

Despite  the  great  improvement  in  steel  quality  resulting  from 
vacuum  casting,  periscopic  examination  still  often  shows  discontinui¬ 
ties  and  visible  nonmetallic  inclusions  whose  aggregate  characteris¬ 
tics  exceed  the  norms  established  by  the  technical  specifications 
when  the  surface  of  the  axial  channel  is  examined  (within  the  limits 
of  the  originally  stipulated  diameter).  Trimming  to  remove  localized 
defects  and  local  or  overall  broaching  of  the  channel  are  permissible 
in  such  cases.  Technical  specifications  limit  the  increase  in  the  nomi¬ 
nal  channel  diameter  to  10?,  but  broaching  to  a  larger  diameter  can 
be  carried  out  for  some  blanks  If  the  design  characteristics  of  the 
rotor  permit  and  the  consumer  agrees.  In  practice,  this  technique  is 
usually  employed  to  remove  impermissible  axial  defects  and  to  bring 
the  aggregates  of  residual  nonmetallic  Inclusions  within  the  stipu¬ 
lated  norms.  As  an  illustration,  let  us  consider  the  results  obtained 
in  checking  the  axial  channels  of  two  rotors  forged  at  the  Izhorsk 
Plant . 

First  rotor.  The  original  axial-channel  diameter  provided  by 
the  rotor  plans  was  90  mm.  Periscopic  examination  of  the  channel 
surface  revealed  large  aggregates  of  point  and  elongated  liquates, 
up  to  mm  in  size.  After  additional  broaching  of  the  channel  to 
100  mm  in  the  portion  of  the  rotor  corresponding  to  the  upper  part 
or  the  ingot  (over  a  length  of  3-3.5  m) ,  a  chain  of  inclusions  5-6  mm 
long  wa3  detected.  Further  broaching  to  106  mm  did  not  reduce  the 
defects.  Individual  Inclusions  extending  over  0. 5-1.0  mm  regained 
In  the  channel  surface  only  after  broaching  to  a  diameter  of  117  mm, 
Periscopic  examination  showed  the  rotor  to  bo  acceptable. 


Second  rotor.  Examination  of  the  axial  channel,  which  was  90  mm 
in  diameter,  revealed  8  small  cracks  12-40  mm  long  and  groups  ol 
small  fissures.  The  channel  was  successively  broached  to  diameters 
of  97,  105  and  112  mm.  No  defects  were  detected  in  the  channel  sur¬ 
face  at  a  diameter  of  112  mm. 

These  examples  emphasize  the  importance  of  keeping  the  devia¬ 
tion  of  the  forging  axis  from  the  initial-ingot  axi3  to  a  minimum  in 
order  to  obtain  satisfactory  periscopic  results,  since  the  defects 
detected  are  principally  of  shrinkage  and  liquation  origin  and  are 
directly  related  to  the  location  of  the  channel  in  the  central  zone 
j  of  the  ingot. 

f 

f 

|  The  final  quality-control  operation  for  rotor  blanks  is  thermal 

;■  testing.  This  procedure  slows  the  deformation  (bending)  undergone  by 

f  the  rotor  under  conditions  similar  to  its  operating-temperature  re¬ 

gime.  In  essence,  the  thermal  test  consists  in  slowly  heating  the 
*  rotor  to  about  400-500°C  (depending  on  its  characteristics)  as  it 

I  rotates  in  a  lathe,  holding  it  at  this  temperature.,  and  then  slowly 

cooling  it.  When  bending  that  exceeds  the  permissible  level  occurs 
1  (as  determined  by  gauges  during  all  stages  of  the  lest),  the  rotor 

is  again  tempered  and  tested.  The  final  operations  are  necessary  and 
effective  only  if  the  bending  Initially  detected  is  due  to  partial  re- 
|  lief  or  redistribution  of  residual  stresses,  as  indicated  by  persist¬ 

ence  of  the  curvature  after  the  rotor  has  cooled.  If  the  curvature 
observed  at  elevated  temperatures  disappears  when  ^he  rotor  is  cooled, 
this  Is  a  sign  of  an  asymmetric  macrostructure  that  causes  nonuniform 
distribution  of  thermal  stresses  over  the  rotor  cirr. ^inference.  No 
■  heat  treatment  can  correct  such  a  defect.  Unsatisfactory  results  In 

the  final  thermal  tests,  which  are  very  rare,  are  due  to  disregard 
!  of  the  basic  technological  rules  for  obtaining  maximum  coaxiality 

between  the  rotor  and  initial  ingot. 
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abstract  (uncL,  0)  SUMMARY  OP  REPORT.  This  took  is  intended  for 

engineering  personnel  of  metallurgical  plants,  a/ientific  research 
institutes  and  design  technological  institutes.  The  book  deals 
with  problems  connected  with  the  production  of  forgings  made  of 
special  steel  used  in  power  machinery  manufacturing  and  in  some 
ether  branches  of  the  industry.  Processes  of  forging  the  hard  to 
deform  steels  are  described  and  results  of  experimental  research 
and  experience  gained  in  making  forgings  are  analyzed.  The 
quality  of  forgings  is  discussed  in  connection  with  conditions  of 
their  fabrication  and  practical  recommendations  on  selecting 
rational  technological  processes  are  made.  The  author  thanks  V.  N. 
Tokarev,  P.  M.  Libman,  E.  V,  Balayeva  '.and  N,  I.  Bo.lar.  for  their 
assistance. 
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